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ABSTRACT
CURING OF POLYMER THERMOSETS VIA CLICK REACTIONS
AND ON DEMAND PROCESSES
by Mark Richard Brei
May 2016
In the first project, an azide functional resin and tetra propargyl aromatic diamines
were fabricated for use as a composite matrix. These systems take already established
epoxy/amine matrices and functionalize them with click moieties. This allows lower
temperatures to be used in the production of a thermoset part. These new systems yield
many better mechanical properties than their epoxy/amine derivatives, but their Tgs are
low in comparison.
The second project investigates the characterization of a linear system based off
of the above azide functional resin and a difunctional alkyne. Through selectively
choosing catalyst, the linear system can show regioselectivity to either a 1,4-disubstituted
triazole, or a 1,5-disubstituted triazole. Without the addition of catalyst, the system
produces both triazoles in almost an equal ratio. The differently catalyzed systems were
cured and then analyzed by 1H and 13C NMR to better understand the structure of the
material.
The third project builds off of the utility of the aforementioned azide/alkyne
system and introduces an on-demand aspect to the curing of the thermoset. With the
inclusion of copper(II) within the azide/alkyne system, UV light is able to catalyze said
reaction and cure the material. It has been shown that the copper(II) loading levels can be
extremely small, which helps in reducing the copper’s effect on mechanical properties.
ii

The fourth project takes a look at polysulfide-based sealants. These sealants are
normally cured via an oxidative reaction. This project took thiol-terminated polysulfides
and fabricated alkene-terminated polysulfides for use as a thiol-ene cured material. By
changing the mechanism for cure, the polysulfide can be cured via UV light with the use
of a photoinitiator within the thiol/alkene polysulfide matrix.
The final chapter will focus on a characterization technique, MALDI-TOF, which
was used to help characterize the above materials as well as many others. By using
MALDI-TOF, the researcher is able to elicit the molecular weight of the repeat unit and
end group, which allows the determination of the polymer’s structure. This technique can
also determine the Mn and Mw, as well as the PDI for each given polymer.

iii
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CHAPTER I – INTRODUCTION
Motivation of Research
The research outlined in this dissertation focuses on modifying pre-existing
thermosetting prepolymers and crosslinkers to better fit the individual needs of the enduser for specific applications. The term prepolymer refers to an oligomeric or low
molecular weight functional polymer that, either through self-reaction or reaction with a
second component, can yield a high molecular weight thermoplastic or crosslinked
thermoset material. The second component (or co-reactant) might be a multi-functional
monomer or a different prepolymer that carries functionality that is complimentary to
(reactive with) that of the first component. Each chapter of the dissertation is directed to
different systems of prepolymers, covering different motivations and research strategies.
Chapter II explores the use of aromatic curatives within an azido/alkyne-type
thermosetting matrix. This research was motivated by the need for composite materials
that may be cured “out of autoclave” for in-field repair of existing composite panels or
fabrication of very large composite panels, e,g, for marine applications. These
applications are not amenable to autoclave processing. Autoclaves are essentially a fixed
installation and not sufficiently mobile for field repairs, and they become prohibitively
expensive in the large sizes that would be required of marine applications. Elimination of
an autoclave gives rise to the need for an alternative heat source to cure the materials;
thus one focus of this project was development of exothermic curing chemistries for
which the required thermal energy comes from the reaction itself.
One type of highly exothermic reaction occurs when azides and alkynes react with
each other to form triazoles. Previous research by Gorman et al.1 involved modification
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of a diglycidyl ether of bisphenol-A (DGEBA) resin to contain azide end groups,
followed by its reaction with aliphatic alkyne curatives to yield a cured thermosets.
These materials, however, possessed relatively low glass transitions and yielded poor
mechanical properties. To attain optimal mechanical properties, thermosetting matrices
used in composite fabrication typically utilize aromatic curatives. The added rigidity
provided by these aromatic curatives increases the mechanical properties of the cured
materials when compared to aliphatic curatives. The improvement of mechanical
properties was the motivation for the present research, in which aromatic alkyne curatives
were synthesized and cured with the azide modified DGEBA to create a thermoset
material.
Chapter III introduces a method by which the systems of Chapter II can be cured
“on-demand.” The key advantages of an on-demand cure are extended (“infinite”) pot
life and spatially/temporally staged cures, i.e., different sections of large parts cured at
different times. A common external stimulus used for polymerization reactions is UV
light, and the material developed in Chapter II, involving the Cu(I)-catalyzed azidealkyne reaction, is ideal for an on-demand, UV-cured system. Copper(II), which itself is
inert to the azido/alkyne reaction, is reduced efficiently to copper(I) under UV irradiation.
Introduction of copper(II) could allow for the curing of the azide modified DGEBA with
an alkyne functionalized curative using UV light, thus developing an on-demand cured
system.
Chapter IV consists of the characterization of the reaction product of azidemodified DGEBA with two different difunctional aliphatic alkyne functional curatives.
The thermosetting reactions described in Chapter II, which we carried out thermally (no
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catalyst) produce a crosslinked material consisting of a mixture of 1,4- and 1,5disubstituted triazoles. In contrast, copper(I) catalysis of the azide/alkyne reaction
produces mainly 1,4-disubstituted triazole;2 whereas the use of ruthenium(II) produces
mainly 1,5-disubstituted triazole.3 We hypothesized that if the reaction could be carried
out to yield crosslinks consisting of only one or the other pure triazole regioisomer,
different and possibly better network properties might be achieved compared to a
material containing a mixture of both regioisomers. However, a crosslinked system is
difficult to characterize since it is insoluble in common organic solvents. Therefore a
model study using difunctional materials was carried out to produce of a linear system
that is soluble within a common deuterated solvent (DMSO-d6) enabling the percentages
of 1,4- and 1,5-disubstituted triazoles produced during the reaction to be determined via
nuclear magnetic resonance (NMR) spectroscopy. The ultimate goal was to create cured
materials from the reaction of the azide modified DGEBA with a trifunctional aliphatic
alkyne using the three separate curing methods: no catalyst, copper(I), and ruthenium(II).
Analysis of the mechanical properties achieved using each curing method would reveal
differences between materials containing mainly 1,4- or 1,5-disubstituted triazole.
Chapter V investigates end group functionalization of a liquid polysulfide. The
motivation for this research was to develop an on-demand cure of a polysulfidecontaining film. As with Chapter III, UV light was chosen as the curing stimulus for the
reaction, due to its ease of use and typically rapid reaction kinetics. Our approach toward
a UV-curable system involved replacement of the native thiol end groups of the
polysulfide with an alkene, which may then participate in a UV-initiated thiol/ene
reaction with the original polysulfide or with low molecular weight polyfunctional thiol
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co-reactants. Polysulfides are mainly used as sealants, so the production of an ondemand curing reaction would be advantageous by allowing for proper placement of the
sealant before the material is cured.
Chapter VI discusses the analysis of various difunctional precursors, that can be
cured into thermoset materials, using matrix assisted laser/desorption ionization time-offlight mass spectrometry (MALDI-TOF-MS). This analytical technique allows for the
determination of the exact mass of each polymer chain and allows the samples to remain
fully intact during analysis. Using this technique, the masses of the repeat unit, initiator,
and end group of the polymer can be determined, allowing the end group
functionalization of certain prepolymers to be verified.
Background
Thermoset materials are polymers that, upon reaching a certain extent of reaction,
crosslink permanently and cannot be reformed or re-processed by the application of
solvents, heat, or pressure.4 Thermosets can be fabricated from the crosslinking reaction
of high molecular weight polymers, e.g. the vulcanization of elastomers, or by the
reaction of multifunctional low molecular weight materials. This dissertation will focus
on the latter reaction type in which the reactants consist of prepolymers and low
molecular weight co-reactants (crosslinkers).5 For thermoset polymers created by a stepgrowth mechanism involving two mutually reactive functional groups, e.g., epoxy- and
amine-terminated prepolymers, the curing reaction is typically initiated by thorough
mixing of the two components, thereby beginning a finite working period termed a potlife. These polymers typically progress through three distinct physical stages, which are
defined by the extent of the reaction in comparison to the extent of the reaction at which
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gelation occurs (gelation is the onset of an infinite network)6. The first stage of the
reaction, known as the A-stage, yields a soluble and fusible material since the reaction
extent is below that at which gelation occurs.5 The second stage of the reaction, known
as the B-stage, yields a fusible but generally insoluble material whose reaction extent has
reached the critical reaction extent characterized by the onset of gelation.5 The final
stage of the reaction, known as the C-stage, yields a material that is no longer fusible or
soluble and is highly crosslinked since the prepolymer reaction extent now above that at
which gelation occurs.5 In order for the system to crosslink, its average functionality,
favg, should be in excess of two. A general schematic for creating a crosslinked network
from a prepolymer and crosslinker is shown in Figure 1.

Figure 1. The reaction of two difunctional prepolymers to form a linear polymer (top),
and reaction of a difunctional prepolymer and trifunctional crosslinker to form a
crosslinked network (bottom).
Early History of Thermosetting Polymers
The first commercial application of a thermoset polymer was the vulcanization of
natural rubber by Goodyear in 1839.7 The first fully synthetic thermoset polymer was
developed by Leo Baekeland in 1909.8 This synthetic polymer was produced from the
reaction of phenol and formaldehyde, and the newly formed thermoset was termed
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Bakelite. Polysulfides, created from the reaction of ethylene dichloride and potassium
sulfide, were first patented in 1926.9 The next development in thermosetting materials
consisted of the formation of alkyds10 and amino resins (urea-formaldehyde)11 in 1929
and 1923, respectively. Alkyds are defined as vegetable oil-modified polyesters and are
synthesized by the reaction of monomeric polyols with polybasic acids and either
polyunsaturated vegetable oil or the unsaturated fatty acids derived therefrom. Alkyds
were first patented in America in 1933 by Ellis Carleton.12 Otto Bayer next discovered
polyurethane and polyureas in 1937.13 Melamine-formaldehyde was the next
advancement in thermoset polymers and was patented in 1940.14 Silicone-based
polymers were introduced industrially by Dow Corning in 1942.15 In 1942, epoxy resins
were first patented by Ciba AG of Basel, Switzerland and were based on the reaction of
diglycidyl ether of bis-phenol A (DGEBA) with phthalic anhydride.16 The first American
patent directed to DGEBA and its use as a coating was granted in 1948.17 DGEBA is
prepared through the reaction of bisphenol-A with epichlorohydrin.5 Many more
thermosets have been produced in recent years, but this work will focus on the
polysulfide and epoxy/amine thermosets.
Epoxy/Amine Resins
Epoxy resins produce very desirable properties such as excellent adhesion, high
strength, and good chemical, fatigue, electrical, and corrosion resistance.18 The most
common curatives to react with epoxy resins are polyamines, which react with the
epoxide group through a step-growth, ring opening addition reaction. The mechanism for
the epoxy-amine reaction is shown in Figure 2.
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Figure 2. Mechanism of reaction of two equivalent of epoxide with a primary amine.
Initial nucleophilic attack of the primary amine (top row); reaction of the resulting secondary amine with a second equivalent of
epoxide (bottom row). A hydroxyl group is generated during each step.

Polysulfides
Liquid polysulfides possess the general structure shown in Figure 3.
Commercially they are cured by oxidizing the thiol end groups to disulfide bonds (Figure
4Figure 4). Typical oxidizers used are MnO2, PbO2, and CaO2, with MnO2 and PbO2
being the most efficient.19 A characteristic of the polysulfide/oxidizer system is a finite
working time or pot life, i.e. as soon as the oxidizer is added the reaction begins to
progress. Liquid polysulfides are used as sealants where solvent and fuel resistance is of
the utmost importance.20 The focus of chapter V is conversion of the thiol group on a
liquid polysulfide to either an allyl or methallyl end group. The newly formed
prepolymer is capable of a triggered cure (essentially infinite pot life) via the UVactivated thiol-ene reaction.

Figure 3. General structure of a liquid polysulfide.
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Figure 4. Process by which terminal thiols are oxidized by MnO2 producing disulfide
bonds.
End Group Modification
A popular, cost-effective strategy for the creation of new polymeric materials is
the modification of established polymers. One aspect of this strategy is the modification
of pre-existing thermosetting prepolymers and crosslinkers to better address the
requirements of end-use applications. Through reactive end group modification, one can
use a well-established structural backbone and react it using a different chemistry that
confers some process or property advantage. This dissertation will focus on two
examples of this general strategy. This first involves modification of the
DGEBA/aromatic polyamine system to produce a chemically similar system
characterized by a highly exothermic curing reaction. The second involves
functionalization of polysulfides with sites that can react under UV irradiation. The
reactions that will be used to accomplish this are the azide/alkyne cycloaddition, and the
thiol-ene reaction, respectively.
Azido/Alkyne Reaction
The Huisgen 1,3-dipolar cycloaddition between a terminal alkyne and an azide
(Figure 5), is a highly exothermic reaction.21,22 Depending on the structure of the alkyne
and azide, this reaction typically yields a ΔH between -210 and -270 kJ/mol;23 moreover,
it possesses additional advantages such as tolerance to a wide range of impurities, high
yield, ease of implementation, and the production of no small molecules during cure.24
The product of the Huisgen cycloaddition is a 1,2,3-triazole heterocycle, which is
8

chemically stable, provides hydrogen-bond acceptor sites, and adds aromaticity to the
structure. Both 1,4- and 1,5-disubstituted regioisomers are possible. The triazole ring is
also highly resistant to many decomposition reactions (hydrolysis, oxidation, and
reduction), even at high temperature.25

Figure 5. The Huisgen 1,3-dipolar cycloaddition of an azide and a terminal alkyne to
produce a 1,2,3-triazole.
The thermal reaction produces a mixture of both the 1,4- and 1,5-disubstituted triazole.23

Although the Huisgen 1,3-dipolar cycloaddition is very exothermic, it has a high
activation energy resulting in minimal triazole formation at room temperature. This
provides working time (pot-life), which is important for composite fabrication. Once the
energy barrier for the onset of the reaction is exceeded, the reaction becomes
exothermically autoaccelerating. The heat generated acts to increase the reaction rate,
which in turn generates more heat until either the reaction is completed or the heat
produced can no longer activate further reactions, e.g., upon onset of glassy vitrification.
Autoacceleration is especially evident for large reaction masses with low surface to
volume ratios,1 and can be advantageous for curing large parts or for field repairs, where
application of an external heat source is impractical or uneconomical.
Thiol-Ene Reaction
The reaction between thiols and alkenes has been known since 1905.26 It results
in hydrothiolation of an alkene double bond forming the anti-Markovnikov addition
product. Hydrothiolation can proceed by multiple pathways, 27,28,29 but this dissertation
9

will focus on the radical pathway.30 A wide range of alkenes are suitable for this
reaction, but alkene reactivity via the radical mechanism usually decreases with the
reduction of electron density at the double bond.31 Though there are exceptions, alkenes
that are substituted at the internal carbon produce a tertiary carbon centered radical when
reacted with a thiyl radical; this allows for higher radical stability and results in a lower
rate of hydrogen abstraction (lowering reactivity towards the thiol-ene reaction).31
Almost any thiol can be used, but reactivity decreases with increasing S-H bond
strength.31 The greatest advantage to the thiol-ene reaction is that the reaction is usually
complete within a matter of seconds, without any added external heat, in the presence of
moisture and air, and produces regioselective thioethers in a near quantitative yield.31
In recent years, thiol-ene reactions have been increasingly conducted under
photochemically induced radical conditions.30Error! Bookmark not defined.,32 The typical reaction
scheme for this UV-induced thiol-ene reaction is shown in Figure 6. Initiation occurs when
the photoinitiator is irradiated with light and abstracts a hydrogen from a thiol to produce
a thiyl radical. The thiyl radical then attacks the alkene double bond producing a carbon
centered radical. Chain transfer then occurs between the carbon-centered radical and
another thiol to produce the thiol-ene product, and another thiyl radical, which continues
the cycle.31 The reaction produces the anti-Markovnikov product unless radical-radical
coupling occurs.

10

Figure 6. The mechanism for UV-induced thiol-ene reaction in the presence of
photoinitiator.31
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CHAPTER II – SYNTHESIS OF TETRA-PROPARGYL AROMATIC DIAMINES
FOR USE IN A TRIAZOLE CURED RESIN SYSTEM FOR COMPOSITES
Introduction
Carbon-fiber reinforced polymers, a type of composite material, have become a
staple in materials that require high strength and low weight. Composites are usually
created from two (or more) separate materials, in most cases a thermosetting matrix
(continuous phase) and a strength-providing fiber, usually glass or carbon (discontinuous
phase). Carbon-fiber composites are traditionally cured within an autoclave under
conditions of high pressure and temperature. However, the use of an autoclave for large
composite panels and for field repair of damaged composite panels is often impossible,
impractical, or uneconomical. Therefore, a need exists for resin systems that are capable
of being cured “out of autoclave.”
Highly exothermic curing chemistries represent one strategy toward an out-ofautoclave matrix polymer system. If the reaction exotherm is significant, a high glass
transition temperature (Tg) thermosetting system can be driven to high conversion prior to
vitrification, without the use of external heat.33,34,35 The Huisgen 1,3-dipolar
cycloaddition between a terminal alkyne and an azide (Figure 7), is an excellent
candidate for this strategy.21Error! Bookmark not defined.,22 Depending on structure of the
alkyne and azide, this reaction typically yields a ΔH between -210 and -270 kJ/mol;23
moreover, it possesses additional advantages as a potential composite matrix, such as
tolerance to a wide range of impurities, high yield, ease of implementation, and
production of no small molecules during cure.24 The product of the Huisgen
cycloaddition is a 1,2,3-triazole heterocycle, which is chemically stable, provides
12

hydrogen-bond acceptor sites, and adds aromaticity to the structure. Both 1,4- and 1,5disubstituted regioisomers are possible. The triazole ring is also highly resistant to many
decomposition reactions (hydrolysis, oxidation, and reduction), even at high
temperatures.25

Figure 7. The Huisgen 1,3-dipolar cycloaddition of an azide and a terminal alkyne to
produce a 1,2,3-triazole.
The thermal reaction produces a mixture of both the 1,4- and 1,5-disubstituted triazole.

Although the Huisgen 1,3-dipolar cycloaddition is very exothermic, it has a high
activation energy resulting in minimal triazole formation at room temperature. This
provides working time (pot-life), which is important for composite fabrication. Once the
energy barrier is exceeded, the reaction becomes exothermically autoaccelerating. Heat
generated from the initial reaction can activate further reaction, which in turn generates
more heat until either the reaction is completed or the heat produced can no longer
activate further reactions, e.g., upon onset of glassy vitrification. Autoacceleration is
especially evident for large reaction masses with low surface to volume ratios,1 and can
be advantageous for curing large parts or for field repairs, where application of an
external heat source is impractical or uneconomical.
Gorman et al.1 have previously described the use of an azide-modified epoxy
resin, di(3-azido-2-hydroxypropyl) ether of bisphenol-A (DAHP-BPA) that cures via
triazole ring formation (Figure 8). They reacted aliphatic alkyne crosslinkers, mainly
using commercially available tripropargyl amine (TPA) (Figure 9), with the azide13

modified resin to create crosslinked networks; however relatively low-Tg cured materials
were obtained, which were of limited usefulness as composite matrices. An example of a
commercial matrix used for carbon-fiber composites consists of an epoxy resin, e.g.
diglycidyl ether of bisphenol-A (DGEBA), cured with an aromatic crosslinker, such as
4,4-diaminodiphenyl sulphone (44DDS) (Figure 10). Once fully cured, these glassy
systems typically achieve a Tg of ~200°C,36 which is ~70°C higher than any of the
thermosets reported by Gorman and coworkers. Since the DAHP-BPA resin has
essentially the same structure as DGEBA, the difference in Tg must be attributed to the
crosslinker structure. In the present work, we have evaluated several aromatic
tetrapropargyl amine crosslinkers for use with the DAHP-BPA resin, as listed in Table 1.
The aliphatic crosslinker, TPA, was included in the study as a comparative system. Our
goal was to increase the Tg of the cured material by introducing additional aromaticity
into the structure, and thereby potentially expanding the use of the DAHP-BPA system
into aerospace and other high performance composite applications.

Figure 8. Azide-modified epoxy resin, di(3-azido-2-hydroxypropyl) ether of bisphenol-A
(DAHP-BPA) cured with polyalkyne crosslinker.

Figure 6. Chemical structure of tripropargyl amine (TPA).
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Figure 7. A typical commercial matrix is created from an epoxy resin, for example,
DGEBA (left), and an amine crosslinker, for example, 4,4-DDS (right).
Table 1
Tetrapropargyl Diamines Investigated
Structure

Compound

Acronym

Tma.
(°C)

Tib.
(°C)

N,N,N,N-tetrapropargyl4,4-diaminodiphenyl
ether

TPDPE

oil

62.5

N,N,N,N-tetrapropargyl3,3-diaminodiphenyl
sulfone

TP3DDS

131.3

89.0

TP4DDS

190

95.6

TPMDA

oil

46.8

N,N,N,N-tetrapropargylm-phenylenediamine

TPmPDA

40.9

81.0

N,N,N,N-tetrapropargylp-phenylenediamine

TPpPDA

73.4

59.9

N,N,N,N-tetrapropargyl4,4-diaminodiphenyl
sulfone
N,N,N,N-tetrapropargyl4,4-methylenedianiline

a.

crystalline melting temperature, Tm, determined by DSC analysis (melting peak maximum)

b

initial curing temperature, Ti, with DAHP-BPA resin, determined using the method of Feng et al.37

Experimental
Materials
N,N-Dimethylformamide (DMF) (Certified ACS), dichloromethane (DCM)
(Certified ACS), ethyl acetate (Certified ACS), hexane (Certified ACS), potassium
carbonate (K2CO3), and magnesium sulfate (MgSO4) were purchased and used as
15

received from Fisher Scientific. Propargyl bromide (80 wt% in toluene), 3,3diaminodiphenylsulfone (33DDS) (97%), 4,4-diaminodiphenylsulfone (44DDS) (98%),
4,4 diaminodiphenyl ether (DPE) (97%), 4,4-methylenedianiline (MDA) (97%), pphenylenediamine (pPDA), m-phenylenediamine (mPDA) (flakes, 99%), and silica gel
(60Å, 70-230 mesh) were purchased and used as received from Sigma-Aldrich.
Tripropargylamine (97%) was purchased and used as received from GFS Chemical. The
diglycidyl ether of bisphenol-A (DGEBA, EPON 825) was donated by Hexion Specialty
Chemicals. The azide functional resin, di(3-azido-2-hydroxypropyl) ether of bisphenol-A
(DAHP-BPA) was prepared using a previously published procedure.1
Instrumentation
Thermograms were recorded using a Q200 (TA Instruments) differential scanning
calorimeter. An inert furnace atmosphere was maintained using 50 mL/min dry nitrogen
purge. Samples masses ranged from 5 to 12 mg, and samples were analyzed in standard
aluminum crucibles. Using TA Universal Analysis software, the midpoint of the glass
transition inflection was used to determine the reported Tg values (Table 2).
Dynamic mechanical analysis (DMA) was conducted using a Q800 (TA
Instruments) instrument. The frequency was set at 1 Hz, the pre-load static force at 0.005
N, the oscillatory amplitude at 20 µm, and the track setting at 125%. Sample dimensions
were approximately 12 mm by 6 mm by 1.5 mm.
Compression tests were conducted according to the ASTM 695-02a method.38
Cylinders were compressed at a displacement controlled rate of 1.27 mm/min on a MTS
Systems Corporation Model 810 servo-hydraulic universal test frame equipped with a
low-friction compression sub-press (Wyoming Test Fixtures Model CU-SP). Linear
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variable differential transformer compression data were recorded from MTS Testworks®
software using a MTS 100 kN load cell at a sampling rate of 10 Hz.
Nuclear magnetic resonance (NMR) spectra were obtained using a 300 MHz
Varian Mercuryplus NMR (VNMR 6.1C) spectrometer. Sample concentrations were
approximately 25% (w/v) in either CDCl3, or DMSO-d6 containing 1% TMS as an
internal reference, and the resulting solution was charged to a 5 mm NMR tube. Proton
spectra were acquired at a frequency of 300.13 MHz. Typical acquisition parameters
were 2 s recycle delay, a 7.8 µs pulse corresponding to a 45 degree flip angle, and an
acquisition time of 1.998 s. The number of scans acquired for each sample was 32. All
shifts were referenced automatically by the software (VNMR 6.1C) using the resonance
frequency of TMS (0 ppm) in either CDCl3 or d-DMSO. Carbon spectra were acquired at
a frequency of 75.5 MHz for carbon. Typical acquisition parameters were a 1 s recycle
delay, a 7.8 µs pulse width corresponding to a 45 degree flip angle, and an acquisition
time of 1.8 s. The number of scans acquired for each sample was 256. Composite pulse
decoupling was used to remove proton coupling, and all shifts were referenced either
automatically by the software (VNMR 6.1C) or manually using the resonance frequency
of. CDCl3 (77.0 ppm) or d-DMSO (39.52 ppm). Heteronuclear single-quantum
correlation (HSCQ) spectra were acquired on a 300 MHz Varian Mercuryplus NMR
(VNMR 6.1C) spectrometer operating at a frequency of 300.15 MHz for proton. The
acquisition parameters were as follows: The recycle delay was 2s, the 90° pulse width
was 14.2 µs, the 1H sweepwidth was 9.8 ppm, the 13C sweepwidth was 170 ppm, and the
acquisition time was 170 µs. The number of t1 increments was 400 with 4 scans per
increment. States-Haberkorn phase cycling was used to obtain phase-sensitive data. An
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additional 600 points were added to the F1 dimension via linear prediction. Both t1 and
t2 were zero-filled to 4096 and 1024 data points and apodized using a Gaussian function
prior to Fourier transformation.
Synthesis of Tetrapropargyl Aromatic Diamines
Synthesis of N,N,N',N'-Tetrapropargyl Diaminodiphenyl Ether (DPDPE). The
structure of TPDPE is shown in Figure 11.

Figure 11. Structure of N,N,N',N'-tetrapropargyl diaminodiphenyl ether (TPDPE).
K2CO3 (34.55 g, 0.25 mol) and 4,4-diaminodiphenyl ether (10.0 g, 0.050 mol)
were weighed into a dry 250 mL round-bottom flask equipped with a magnetic stir bar.
DMF (150 mL) was added to the flask. A condenser was attached, and the reaction was
protected by a nitrogen bubbler. The mixture was heated and equilibrated at 100°C for
10 min, at which time propargyl bromide (35.68 g, 0.30 mol) was added to the flask. The
reaction mixture was reacted at 100°C for 3 h and then allowed to cool to room
temperature. The resulting mixture was then filtered, to remove salts, and transferred into
a 500 mL separatory funnel using two 50 mL DCM rinses to insure complete transfer. DI
water (10 mL) was added to the separatory funnel to separate the DMF from the DCM,
and the lower DCM layer, containing the bulk of the product, was transferred to a clean
flask. The DMF solution was extracted three additional times with 100 mL of DCM, and
the four DCM extracts were combined and washed with 200 mL of DI water three times.
The organic layer was then dried over MgSO4 and filtered, and the solvent was removed
under reduced pressure. The resulting brown oil was passed through a silica gel column
18

as a 50 wt% solution in DCM, and the solvent was removed under reduced pressure to
yield 14.54 g (82.6%) of the product as a yellow oil. 1H NMR (300 MHz, CDCl3): δ =
2.26 (t, J = 2.2 Hz, 4H, C≡C-H), 4.07 (d, J = 2.2 Hz, 8H,-CH2-C≡), 6.94 (s, 8H, Ar-H)
ppm.
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C NMR (75 MHz, CDCl3): δ = 41.18 (N-CH2), 72.92 (≡C-H), 79.13 (CH2-C≡),

118.09 (Ar-C3,5), 119.30 (Ar-C2,6), 143.75 (Ar-C4), 151.49 (Ar-C1) ppm.
Synthesis of N,N,N',N'-Tetrapropargyl Methylene Dianiline (TPMDA). The
structure of TPMDA is shown in Figure 12.

Figure 8. Structure of N,N,N',N'-tetrapropargyl methylene dianiline (TPMDA).
K2CO3 (34.55 g, 0.25 mol) and 4,4-methylene dianiline (9.9 g, 0.050 mol) were
weighed into a dry 250 mL round bottom flask equipped with a magnetic stir bar. DMF
(150 mL) was added to the flask. A condenser was attached, and the reaction was
protected by a nitrogen bubbler. The mixture was heated and equilibrated at 100°C for
10 min, at which time propargyl bromide (35.68 g, 0.30 mol) was added to the flask. The
reaction mixture was reacted at 100°C for 3 h and then allowed to cool to room
temperature. The resulting mixture was then filtered, to remove salts, and transferred into
a 500 mL separatory funnel using two 50 mL DCM rinses to insure complete transfer. DI
water (10 mL) was added to the separatory funnel to separate the DMF from the DCM,
and the lower DCM layer, containing the bulk of the product, was transferred to a clean
flask. The DMF solution was extracted three additional times with 100 mL of DCM, and
the four DCM extracts were combined and washed with 200 mL of DI water three times.
The organic layer was then dried over MgSO4 and filtered, and the solvent was removed
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under reduced pressure. The resulting brown oil was passed through a silica gel column
as a 50 wt% solution in DCM, and the solvent was removed under reduced pressure to
yield 14.9 g (85.1%) of the product as a light orange oil. 1H NMR (300 MHz, CDCl3): δ
= 2.24 (t, J = 2.1 Hz, 4H, ≡C-H), 3.83 (s, 2H, Ar-CH2-Ar), 4.08 (d, J = 2.1 Hz, 8H, CH2C≡), 6.89 (d, J = 8.5 Hz, 4H, Ar-C3,5-H), 7.10 (d, J = 8.4 Hz, 4H, Ar-C2,6-H).
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C NMR

(75 MHz, CDCl3): δ = 40.18 (Ar-CH2-Ar), 40.71 (CH2-C≡), 72.90 (≡C-H), 79.49 (CH2C≡), 116.41 (Ar-C3,5), 129.50 (Ar-C2,6), 133.12 (Ar-C1), 146.08 (Ar-C4) ppm.
Synthesis of N,N,N',N'-Tetrapropargyl Para-Phenylene Diamine (TPpPDA). The
structure of TPpPDA is shown in Figure.

Figure 13. Structure of N,N,N',N'-tetrapropargyl para-phenylene diamine (TPpPDA).
K2CO3 (34.55 g, 0.25 mol) and p-phenylene diamine (5.4 g, 0.050 mol) were
weighed into a dry 250 mL round bottom flask equipped with a magnetic stir bar. DMF
(150 mL) was added to the flask. A condenser was attached, and the reaction was
protected by a nitrogen bubbler. The mixture was heated and equilibrated at 100°C for
10 min, at which time propargyl bromide (35.68 g, 0.30 mol) was added to the flask. The
reaction mixture was reacted at 100°C for 3 h and then allowed to cool to room
temperature. The resulting mixture was then filtered, to remove salts, and transferred into
a 500 mL separatory funnel using two 50 mL DCM rinses to insure complete transfer. DI
water (10 mL) was added to the separatory funnel to separate the DMF from the DCM,
and the lower DCM layer, containing the bulk of the product, was transferred to a clean
flask. The DMF solution was extracted three additional times with 100 mL of DCM, and
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the four DCM extracts were combined and washed with 200 mL of DI water three times.
The organic layer was then dried over MgSO4 and filtered, and the solvent was removed
under reduced pressure. The resulting brown oil was passed through a silica gel column
as a 50 wt% solution in DCM, and the solvent was removed under reduced pressure to
yield 12.0 g (92.1%) of the product as a light yellow crystalline solid. 1H NMR (300
MHz, CDCl3): δ = 2.24 (t, J = 2.2 Hz, 4H, ≡C-H), 4.05 (d, J = 2.2 Hz, 8H, -CH2-C≡),
6.96 (s, 4H, Ar-H).
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C NMR (75 MHz, CDCl3): δ = 41.12 (N-CH2), 72.91 (≡C-H),

79.41 (CH2-C≡), 117.92 (Ar-C2,3), 142.16 (Ar-C1,4)ppm.
Synthesis of N,N,N',N'-Tetrapropargyl Meta-Phenylene Diamine (TPmPDA). The
structure of TPmPDA is shown in Figure 14.

Figure 149. Structure of N,N,N',N'-tetrapropargyl meta-phenylene diamine (TPmPDA).
K2CO3 (34.55 g, 0.25 mol) and m-phenylene diamine (5.4 g, 0.050 mol) were
weighed into a dry 250 mL round bottom flask equipped with a magnetic stir bar. DMF
(150 mL) was added to the flask. A condenser was attached, and the reaction was
protected by a nitrogen bubbler. The mixture was heated and equilibrated at 80°C for 10
min, at which time propargyl bromide (35.68 g, 0.30 mol) was added to the flask. The
reaction mixture was reacted at 80°C for 3 h and then allowed to cool to room
temperature. The resulting mixture was then filtered, to remove salts, and transferred into
a 500 mL separatory funnel using two 50 mL DCM rinses to insure complete transfer. DI
water (10 mL) was added to the separatory funnel to separate the DMF from the DCM,
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and the lower DCM layer, containing the bulk of the product, was transferred to a clean
flask. The DMF solution was extracted three additional times with 100 mL of DCM, and
the four DCM extracts were combined and washed with 200 mL of DI water three times.
The organic layer was then dried over MgSO4 and filtered, and the solvent was removed
under reduced pressure. The resulting brown oil was passed through a silica gel column
as a 50 wt% solution in DCM, and the solvent was removed under reduced pressure to
yield 10.04 g (77.2%) of an orange crystalline solid. The crude product was
recrystallized thrice from hexane to yield 7.34 g (56.4%) of the final product as a lightyellow crystalline solid (m.p. = 41°C).

1

H NMR (300 MHz, CDCl3): δ = 2.25 (s, 4H,

≡C-H), 4.10 (s, 8H, -CH2-C≡), 6.50 (d, J = 8.0 Hz, 2H, Ar-C4,6-H), 6.56 (s, 1H, Ar-C2-H),
7.17 (dd, J = 8.0 Hz, 1H, Ar-C5-H) ppm.
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C NMR (75 MHz, CDCl3): δ = 40.68 (N-

CH2), 72.84 (≡C-H), 79.48 (CH2-C≡), 104.07 (Ar-C2), 107.91 (Ar-C4,6), 129.91 (Ar-C5),
148.92 (Ar-C1,3) ppm.
Synthesis of N,N,N',N'-Tetrapropargyl 3,3-Diaminodiphenyl Sulfone (TP33DDS).
The structure of TP33DDS is shown in Figure 15.

Figure 15. Structure of N,N,N',N'-tetrapropargyl 3,3-diaminodiphenyl sulfone
(TP33DDS).
K2CO3 (27.83 g, 0.20 mol) and 33DDS (10.0 g, 0.040 mol) were weighed into a
dry 250 mL round bottom flask equipped with a magnetic stir bar. DMF (150 mL) was
added to the flask. A condenser was attached, and the reaction was protected by a
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nitrogen bubbler. The mixture was heated and equilibrated at 100°C for 10 min, at which
time propargyl bromide (28.32 g, 0.24 mol) was added to the flask. The reaction mixture
was reacted at 100°C for 5 h and then allowed to cool to room temperature. The resulting
mixture was then filtered, to remove salts, and transferred into a 500 mL separatory
funnel using two 50 mL DCM rinses to insure complete transfer. DI water (10 mL) was
added to the separatory funnel to separate the DMF from the DCM, and the lower DCM
layer, containing the bulk of the product, was transferred to a clean flask. The DMF
solution was extracted three additional times with 100 mL of DCM, and the four DCM
extracts were combined and washed with 200 mL of DI water three times. The organic
layer was then dried over MgSO4 and filtered, and the solvent was removed under
reduced pressure. The resulting brown oil was passed through a silica gel column as a 50
wt% solution in DCM, and the solvent was removed under reduced pressure to yield
11.23 g (70.19%) of a yellow crystalline solid. The crude product was recrystallized
thrice from toluene to yield 9.35 g (58.36%) of the product as a white powdery solid (mp
= 131.3°C). If, after recrystallization the material was still an off-white color, it was
rinsed with methanol to yield a pure white powdery solid. 1H NMR (300 MHz, DMSOd6) δ = 3.17 (t, J = 1.9 Hz, 4H, ≡C-H), 4.25 (d, J = 2.0 Hz, 8H, -CH2-C≡), 7.15 (d, J = 8.3
Hz, 2H, Ar-H), 7.31 (d, J = 7.8 Hz, 2H, Ar-H), 7.44 (s, 2H, Ar-C2-H), 7.44 (t, J = 8.0 Hz,
2H, Ar-C5-H).
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C NMR (75 MHz, DMSO-d6) δ = 40.48 (CH2-C≡), 75.77 (≡C-H), 79.78

(CH2-C≡), 112.60, 117.08, 119.29, 130.60, 142.46, 147.87 ppm.
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Synthesis of N,N,N',N'-Tetrapropargyl 4,4'-Diaminodiphenyl Sulfone (TP44DDS).
The structure of TP44DDS is shown in Figure 16.

Figure 10. Structure of N,N,N',N'-tetrapropargyl 4,4-diaminodiphenyl sulfone
(TP44DDS).
K2CO3 (27.83 g, 0.20 mol) and 44DDS (10.0 g, 0.040 mol) were weighed into a
dry 250 mL round bottom flask equipped with a magnetic stir bar. DMF (150 mL) was
added to the flask. A condenser was attached, and the reaction was protected by a
nitrogen bubbler. The mixture was heated and equilibrated at 100°C for 10 min, at which
time propargyl bromide (28.32 g, 0.24 mol) was added to the flask. The reaction mixture
was reacted at 100°C for 5 h and then allowed to cool to room temperature. The resulting
mixture was then filtered, to remove salts, and transferred into a 500 mL separatory
funnel using two 50 mL DCM rinses to insure complete transfer. DI water (10 mL) was
added to the separatory funnel to separate the DMF from the DCM, and the lower DCM
layer, containing the bulk of the product, was transferred to a clean flask. The DMF
solution was extracted three additional times with 100 mL of DCM, and the four DCM
extracts were combined and washed with 200 mL of DI water three times. The organic
layer was then dried over MgSO4 and filtered, and the solvent was removed under
reduced pressure. The resulting brown oil was passed through a silica gel column as a 50
wt% solution in DCM, and the solvent was removed under reduced pressure to yield
12.09 g (75.6%) of a yellow crystalline solid. The crude product was recrystallized thrice
from toluene to yield 10.50 g (65.6%) of the product as a white powdery solid (mp =
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190°C). 1H NMR (300 MHz, DMSO-d6) δ = 3.20 (t, J = 2.0 Hz, 4H, ≡C-H), 4.26 (d, J =
2.0 Hz, 8H, -CH2-C≡), 6.98 (d, J = 9.0 Hz, 4H), 7.75 (d, J = 9.0 Hz, 4H).
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C NMR (75

MHz, DMSO-d6) δ = 40.25 (CH2-C≡), 75.66 (≡C-H), 79.76 (CH2-C≡), 113.96, 128.74,
130.76, 150.33 ppm.
Preparation of DMA, and Compression Samples.
Preparation of DAHP-BPA/polyalkyne systems. DMA, and compression samples
were all prepared similarly. DAHP-BPA resin and polyalkyne crosslinker were brought
together at a 1:1 molar ratio of azide:alkyne. For liquid crosslinkers, TPA, TPDPE, and
TPMDA, resin and crosslinker were mixed by hand for 5 min and then degassed under
vacuum for 30 min to remove air bubbles. The resulting homogeneous solution was then
transferred to sample molds. For solid crosslinkers, TPpPDA and TPmPDA, resin and
crosslinker were charged to a one-neck round-bottom flask equipped with a magnetic
stirrer and vacuum connection. Using a thermostated oil bath, the mixture was stirred,
heated, and degassed under vacuum until homogeneous completely free of air bubbles, at
a temperature approximately 40°C, which is well below the initial curing temperature, Ti,
determined using the method of Feng et al.;37 Ti, for the various crosslinkers are listed in
Table 1. The homogenous solution was then added to a mold, which had been pre-heated
to 40°C to insure against precipitation of the crosslinker. Care was taken to prevent
bubble formation during transfer. For the remaining solid crosslinkers, TP44DDS and
TP33DDS, resin and crosslinker were charged to a scintillation vial and mixed for 5 min.
The resulting inhomogeneous slurry, which was off-white and opaque, was then degassed
under vacuum for 30 min at 40°C to remove air bubbles. The resulting slurry was
transferred into molds pre-heated at 40°C, using a spatula to aid in bubble elimination.
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The molds were completely filled, and the spatula was used to level off the top of the bars
to coincide with the height of the mold.
The various resin/crosslinker compositions, prepared as described above, were
transferred into either silicone rectangular molds for DMA, or 1 mL polypropylene
cylindrical vials for compression testing. The cylindrical vials were at this point ready
for curing; whereas the filled rectangular DMA molds were placed into a vacuum oven at
40°C for 10 min to help further insure against bubbles in the final cured material. After
these preparations were completed, the following cure schedule was applied to all
samples except for those cured with TP44DDS or TP33DDS. The samples were placed
into a horizontal-flow, temperature-controlled oven and cured at 70°C for 24 h, ramped
1°C/min to 135°C, and further cured at 135°C for 3 h. For samples prepared from
TPDPE, curing was complete at this point. For samples cured with TPA, TPMDA,
TPpPDA, and TPmPDA, a post cure was additionally applied by ramping the samples
from 135°C to 180°C at 1°C/min and holding at 180°C for 3 h.
For systems cured with TP33DDS, the samples were placed into the oven and
cured at 110°C for 20 min, ramped 1°C/min to 180°C, and held at 180°C for 1 h. For
TP44DDS systems, the samples were placed into the oven and cured at 130°C for 20 min,
ramped 1°C/min to 180°C, and held at 180°C for 1 h.
After curing, DMA samples were ready for analysis. Compression samples
required final machining on a lathe to produce a uniform cylinder with height equal to
twice the diameter of its base, as prescribed by the ASTM 695-02a method.38 The
finished cylinders measured 7.5 mm by 15 mm.
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Preparation of Commercial Epoxy/Amine Systems. For the commercial
epoxy/amine system a method developed by Wiggins et al. was used.39,40 A 1:1
stoichiometric ratio of epoxy to amino hydrogen was used. In a generic reaction, a dry 50
mL round bottom flask equipped with magnetic stirring was charged with 10 g of EPON
825 (DGEBA-type resin). The flask was immersed in a silicon oil bath maintained at
100°C, and the resin was allowed to equilibrate at this temperature with stirring for 15
min. The crosslinker (33-DDS or 44-DDS) was added carefully through a funnel to the
stirred EPON 825, slowly over a 10-15 min period to mitigate agglomeration of the
crosslinker. The reaction was placed under vacuum and heated to 120°C. Upon
dissolution of the amine, indicated visually by a change in the reactor contents from
white, opaque to clear, the reaction mixture was charged into compression and DMA
molds. The samples were then placed into a horizontal-flow, temperature-controlled
oven and cured using a 1°/min ramp from 30 to 180°C and a final hold at 180°C for 3 h.
Preparation of Differential Scanning Calorimetry Samples
Both uncured and cured samples were prepared for differential scanning
calorimetry (DSC) analysis. Uncured samples, used for determining energy of activation,
were prepared by combining DAHP-BPA resin and polyalkyne crosslinker at 1:1
azide:alkyne stoichiometry and total reaction mass of approximately 0.3g. The resulting
mixture was stirred by hand for 5 min regardless of physical state of the alkyne, after
which 5-12 mg of the mixture was charged to a standard, hermetically sealed aluminum
Tzero DSC pan. Once the pans were prepared, either a DSC run was immediately
conducted or the sample was placed in the freezer until DSC was conducted. Those
samples placed in the freezer were run within 12 h. This procedure was repeated for the
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commercial epoxy-amine systems, maintaining a 1:1 epoxy: amino hydrogen
stoichiometry.
Cured samples, used for degree of cure and Tg analyses, were prepared by
removing 5-12 mg from, e.g., a cured DMA bar, and charging the sample to a standard,
hermetically sealed aluminum Tzero DSC pan. Once the pans were prepared, samples
were run within 12 h.
Each pan was subjected to the same heating profile: the sample was equilibrated
at 30°C for 5 min, and then the temperature was ramped at 10°C/min to 250°C. The
samples were then ramped down at 10°C/min from 250°C to 30°C. The sample was then
ramped back up to 250°C at 10°C/min to determine the Tg of a fully cured system. Tg of
the cured material was determined from the second heating cycle and TA Universal
Analysis was used to determine the midpoint of the Tg inflection as the reported value.
Results and Discussion
Synthesis of Tetrapropargyl Aromatic Diamines
For reaction with the DAHP-BPA resin system, six different aromatic
tetrapropargyl amines, shown in Table 1, were synthesized from the commercially
available aromatic diamines, DPE, MDA, m-PDA, p-PDA, 44DDS, and 33DDS. All six
aromatic alkyne crosslinkers were synthesized using the same basic procedure (Figure
17).

Figure 1711. Synthetic reaction to create tetrapropargyl aromatic diamines.
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1

H and 13C NMR spectra of a representative tetrapropargyl aromatic diamine

crosslinker, TPDPE, are provided in Figures 18 and 19, respectively. HSQC
spectroscopy was used to validate the 1H and 13C NMR assignments, as shown in Figure
20.
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Figure 1812. 1H NMR spectrum and the corresponding labeled structure of TPDPE.
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Figure 19. 13C NMR spectrum and the corresponding labeled structure of TPDPE.

Figure 20. HSQC NMR spectrum of TPDPE.
Purification of the solid, tetrapropargyl diaminodiphenlysulfone, crosslinkers
required either recrystallization from toluene, or precipitation from ethyl acetate into the
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non-solvent hexane. This usually produced a white powdery solid. On occasion, the
purified TP33DDS solid would still have a slight, off-white tint. If this occurred, the
solid was rinsed with methanol to yield a white powdery solid. The solution used to rinse
the solid became orange in color. If the methanol solution was allowed to evaporate, the
resulting product was a dark brown oil. A methanol wash was not effective for
TP44DDS. If an off-white powder was formed in the preparation of TP44DDS, this was
usually due to the presence of di- or tri-propargyl impurities. If this occurred, the
material was either recrystallized from toluene, or the material was passed through
another silica gel column as a 50 wt% solution in DCM, and the solvent was removed
under reduced pressure to yield the white powdery solid.
Differential Scanning Calorimetry
DSC was used to determine the Tg of fully-cured thermosets produced by reaction
of DAHP-BPA resin with the various tetrapropargyl aromatic crosslinkers. For
comparison, an aliphatic azido/alkyne system (DAHP-BPA/TPA) and conventional
epoxy/amine systems were also investigated. The latter were produced by reaction of
commercial DGEBA resin (EPON 825) with 4,4-diaminodiphenyl sulfone (44DDS) and
3,3-diaminodiphenyl sulfone (33DDS). The second-heating DSC scans for each system
are shown in Figure 21. Table 2 lists the Tg’s extracted from the curves in Figure 21.
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Figure 21. Heat flow vs temperature curves obtained via DSC of DAHP-BPA/Polyalkyne
and EPON/DDS.
DAHP-BPA resin cured with TPDPE, TPA, TPMDA, TP44DDS, TP33DDS, and TPpPDA compared to commercial resin systems
EPON 825/44DDS and EPON 825/33DDS.
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Table 2
Tg values determined by DSC for both the DAHP-BPA and EPON 825 systems
Sample

Tg (°C)

DAHP-BPA/TPA

136

DAHP-BPA/TPpPDA

132

DAHP-BPA/TPMDA

147

DAHP-BPA/TPDPE

152

DAHP-BPA/TP33DDS

138

DAHP-BPA/TP44DDS

153

EPON 825/33DDS

168

EPON 825/44DDS

209

DSC was also used to measure energy of activation for each azide/alkyne system
via the ASTM E698 method,41 which is based on the variable program rate method of
Ozawa. This method requires three or more experiments at different heating rates, β,
typically between 1 to 20°C/min. This approach, combined with Doyle’s
approximation,42 yields the following equation:
ln(𝛽) = 𝐴′ −

1.052 𝐸𝑎
𝑅𝑇𝑚𝑎𝑥

where β is the scan rate (K/min), A is a constant, Ea is activation energy (J/mol), Tmax is
the temperature at maximum exotherm (K), and R is the universal gas constant (8.314
J/mol K). Activation energy Ea can be calculated from the slope of linear plots of ln(β)
versus 1/Tmax. Dynamic DSC curves at β = 2, 5, 10, 15, and 20°C/min were acquired for
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each system as shown in Figure 22 for the DAHP-BPA/TPDPE system, which is typical.
It can be seen that peak temperature, Tmax, shifts to higher temperatures as the heating
rate, β, is increased. In follow up scans (not shown), all systems were shown to have
reached complete conversion, as evidenced by the absence of any residual exotherm. The
resulting kinetic values obtained for all systems are shown in Table 3.
The dynamic DSC curves generated for the Ozawa analysis were also used to
determine the optimum curing schedule for the various azido/alkyne systems, according
to the method of Feng and coworkers.37Error! Bookmark not defined. The initial curing
temperature (Ti), peak curing temperature (Tp), and final curing temperature (Tf) were
extracted from each DSC curve, as shown in Figure 23. The Ti, Tp, and Tf were plotted
as a function of β as shown in Figures 24, 25, 26, 27, 28, 29, and 30 for DAHPBPA/TPA, DAHP-BPA/TPDPE, DAHP-BPA/TPMDA, DAHP-BPA/TPpPDA, DAHPBPA/TP44DDS, DAHP-BPA/TP33DDS, and DAHP-BPA/TPmPDA, respectively.
Extrapolation of Ti, Tp, and Tf to a heating rate of 0°C/min yielded the so-called gelation,
curing, and post-curing temperatures. Feng et al. suggested that the optimum curing
program for a given system would consist of a primary cure carried out at a temperature
selected to be between Tp and Tf, followed by a post cure carried out at a temperature
above Tf. The cure cycle that was used for the DAHP-BPA/TPA system (70°C for 24 h
and 135°C for 3 h), which was originally developed through trial and error, was validated
by the Feng analysis; the analysis suggested a curing temperature between 123.63 and
158.89°C, and the established curing temperature was 135°C.
The Feng analysis also suggested a post-cure above 158.89°C, and thus a post
cure of 180°C for 3 h was added to the curing cycle. The post-cure successfully raised
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the Tg for DAHP-BPA cured with either TPA, TPMDA, TPpPDA, or TPmPDA;
however, with TPDPE, DSC typically showed no difference in Tg between a sample
cured for 3 h at 135°C vs. a sample cured for 3h at 135°C followed by an additional 3 h at
180°C. We attribute this to the exothermic nature of the azido/alkyne reaction and to the
unique flexibility provided to this particular system by the ether linkage. The added
flexibility delays the onset of vitrification, and since the system can continue to react and
thus continue to generate heat, the internal temperature of the reacting mass can rise
significantly above the nominal curing temperature. This allows the ultimate Tg of the
final network to also be higher than the nominal curing temperature. Due to these
observations, a post cure was added to the standard curing procedure for the former
crosslinkers but was no longer used for TPDPE.

Figure 22. Dynamic DSC curves for the DAHP-BPA/TPDPE system at heating rates of
2, 5, 10, 15, and 20°C.
The exotherm temperature maximum, Tmax, and ΔH were determined from each curve. (exothermal direction up).
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Table 3
Activation energies and ΔH determined by the ASTM E698 method for DAHPBPA/TPDPE, DAHP-BPA/TPMDA, DAHP-BPA/TPpPDA, DAHP-BPA/TP33DDS.
DAHP-BPA/TP44DDS, DAHP-BPA/TPmPDA, and DAHP-BPA/TPA
Ea

Average

Average ΔH

(kJ/mol)

ΔH (J/g)

(kJ/mol)

DAHP-BPA/TPA

90.29

1044.2

256.7

DAHP-BPA/TPMDA

90.16

749.2

225.2

DAHP-BPA/TPpPDA

87.54

779.9

216.9

DAHP-BPA/TPDPE

87.13

829.0

249.6

DAHP-BPA/TPmPDA

81.62

748.3

208.1

DAHP-BPA/TP33DDS

80.97

605.5

189.6

DAHP-BPA/TP44DDS

99.29

572.9

179.4

Sample
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Figure 23. A dynamic DSC curve of DAHP-BPA/TPDPE using a 10°C/min ramp from
35 to 250°C.
The initial curing temperature (Ti), peak curing temperature (Tp), and final curing temperature (Tf) indicated.

Figure 24. Curing temperature (Ti, Tp, and Tf) versus heating rate obtained for the
DAHP-BPA/TPA system.
Showing the gelation, curing, and post-cure temperature from the Ti, Tp, and Tf linear regressions, respectively.
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Figure 25. Curing temperature (Ti, Tp, and Tf) versus heating rate for the DAHPBPA/TPDPE system.
Showing the gelation, curing, and post-cure temperature from the Ti, Tp, and Tf linear regressions, respectively.

Figure 26. Curing temperature (Ti, Tp, and Tf) versus heating rate for the DAHPBPA/TPMDA system.
Showing the gelation, curing, and post-cure temperature from the Ti, Tp, and Tf linear regressions, respectively.
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Figure 27. Curing temperature (Ti, Tp, and Tf) versus heating rate for the DAHPBPA/TPpPDA system.
Showing the gelation, curing, and post-cure temperature from the Ti, Tp, and Tf linear regressions, respectively.

Figure 28. Curing temperature (Ti, Tp, and Tf) versus heating rate for the DAHPBPA/TP44DDS system.
Showing the gelation, curing, and post-cure temperature from the Ti, Tp, and Tf linear regressions, respectively.
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Figure 29. Curing temperature (Ti, Tp, and Tf) versus heating rate for the DAHPBPA/TP33DDS system.
Showing the gelation, curing, and post-cure temperature from the Ti, Tp, and Tf linear regressions, respectively.

Figure 30. Curing temperature (Ti, Tp, and Tf) versus heating rate for the DAHPBPA/TPmPDA system.
Showing the gelation, curing, and post-cure temperature from the Ti, Tp, and Tf linear regressions, respectively.

The Feng analysis predicted that all six of the aromatic systems should be curable
using the same curing cycle as the aliphatic system (TPA crosslinker). However, the
predicted curing cycle proved to be grossly inadequate for the two diphenylsulfone
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crosslinkers. For both of these crosslinkers, the predicted profile produced
inhomogenous opaque materials that were extremely brittle. This outcome was attributed
to the poor solubility of these two high-melting diphenylsulfone-based compounds in the
DAHP-BPA resin; in general, all of the other crosslinkers were adequately soluble in the
resin, either at room temperature or slightly above (40°C). For these two materials only,
mixing had to be carried out at higher temperatures, and it is possible that solubilization
was facilitated by a small extent of reaction between the two components during mixing.
Typically, this is the process by which epoxy/amine matrices are prepared; however, for
the highly exothermic azide/alkyne systems, there is a limit to how high the system can
be heated before it starts to cure and/or char due to uncontrolled exothermic reaction.
Although the measured Ti’s for these two materials were 89°C (TP33DDS) and 96°C
(TP44DDS), we found that in practice, these systems typically displayed a ceiling of
about 75-80°C, at or above which they would begin to cure. So care was taken to prevent
the temperature from ever getting above 70°C during preparation.
Higher initial curing temperatures were also necessary with the DDS-based
crosslinkers to obtain solubility within the DAHP-BPA resin. When the standard initial
curing temperature of 70°C was used, the system remained opaque and had very poor
properties. Increasing the initial curing temperature to 110°C for TP33DDS and 130°C
for TP44DDS dramatically improved the homogeneity and mechanical properties of
cured samples.
One unresolved issue remains when the TP33DDS and TP44DDS systems are
cured to temperatures above 160°C. Under these conditions, the otherwise transparent
samples start developing dark imperfections that appear to be spherical inclusions.
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Figure 31 shows several images depicting imperfections observed within the DAHPBPA/TP44DDS post-cured materials. It appears that the imperfections start with the
formation of a nucleus at their center and consist of a system of cracks that constitute the
larger spherical imperfection. The precise nature of the imperfections are unknown at
this time, but they are believed to be related to crosslinker insolubility.

Figure 31. Imperfections that develop when DAHP-BPA/TP44DDS is cured.
Unmagnified picture of a DAHP-BPA/TP44DDS cured bar with imperfections (left). Optical microscope images (right) of the
imperfections within the DAHP-BPA/TP44DDS post cured bar (ramped 1°C/min from 130 to 180°C, and held at 180°C for 1 h).
Magnification: first row (5X), second row (10X), third row (20X), and fourth row (50X).

Mechanical Properties
Compression Data. Cylindrical specimens for compression testing were prepared
from the DAHP-BPA/polyalkyne and EPON/DDS systems and analyzed according to the
ASTM D695 method.38 Compression data are generally accepted to be more reliable
than tensile data due in large part to relative absence of defects in the machined surfaces
of compression specimens as opposed to the cast surfaces of tensile specimens.
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Compression curves for DAHP-BPA/TPA, DAHP-BPA/TPDPE, DAHP-BPA/TPMDA,
and DAHP-BPA/TPpPDA are shown in Figures 32, 33, 34, and 35, respectively. Each
plot shows three representative curves for individual specimens of each system and an
average curve representing the average behavior for all tested specimens for each system.
In most of the plots, the average curve and the three representative curves overlap. This
shows good reproducibility and confirms that the samples are highly uniform.

Figure 32. Compression stress vs. strain curves for the DAHP-BPA/TPA system.
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Figure 33. Compression stress vs. strain curves for the DAHP-BPA/TPDPE system.

Figure 34. Compression stress vs. strain curves for the DAHP-BPA/TPMDA system.
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Figure 35. Compression stress vs. strain curves for the DAHP-BPA/TPpPDA systems.
Representative compression curves for the various systems are compared in
Figure 36. Azido/alkyne and epoxy/amine curves were similar and showed the same
general trends. Each displayed a yield point around 5-10% strain followed by the onset
of strain hardening around 15-20% strain. The aromatic tetrapropargyl crosslinkers far
outperform the aliphatic crosslinker, TPA, which showed a very early yield point (before
5% strain). The DAHP-BPA/TPDPE and DAHP-BPA/TPMDA curves overlap each
other, which could be due to their similar structure. Compressive mechanical data,
acquired as the average of at least 10 specimens, are shown in Table 4. In general, the
DAHP-BPA/aromatic alkyne systems possess higher compressive moduli but lower peak
loads than the EPON/DDS systems.
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Figure 36. Average compression stress vs. strain curves for the DAHP-BPA/polyalkyne
and EPON 825/DDS systems.
Table 4
Average compression properties of DAHP-BPA/polyalkyne and EPON/DDS systems
Avg.
Avg. Stress at
Modulus
Yield (MPa)
(GPa)
151.2
3.2

Sample Name

Avg. Peak
Load (N)

Avg. Peak
Stress (MPa)

DAHP-BPA/TPpPDA

9,240

253.2

DAHP-BPA/TPDPE

6,918

190.1

141.5

3.12

DAHP-BPA/TPMDA

7,942

220.8

146.1

3.39

DAHP-BPA/TPA

6,730

185.7

124.2

3.85

EPON/33DDS

12,636

167.3

134.7

2.69

EPON/44DDS

13,834

140.4

131.4

2.79
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Dynamic Mechanical Analysis. DMA was performed on cured rectangular bars
produced from the DAHP-BPA/polyalkyne and EPON/DDS systems. Samples were
tested using a temperature ramp from 35°C to 225°C at a rate of 3°C/min, with a
frequency of 1 Hz. Results are shown in Figure 37. Tg’s for each material were taken as
the temperature corresponding to the Tan δ maximum and are listed in Table 5. The
DAHP-BPA/TP44DDS system resulted in a higher Tg than any other tetrapropargyl
aromatic amine, and even higher than the EPON 825/33DDS system. This result was
obtained in spite of the fact that the DAHP-BPA/TP44DDS samples contained the darkcolored spherical inclusions discussed earlier. Although its Tg is still lower than the
EPON 825/44DDS sample, it exceeds the 200°C threshold and could possibly be
improved with further refinements to the curing cycle. The second highest Tg among the
azido/aromatic alkyne systems was obtained with TPpPDA, which is reasonably
attributed to its low equivalent weight (low molar volume), which results in a cured
thermoset with a higher crosslink density. Among this group, the lowest Tg was obtained
with TPDPE, which may be due to the flexible ether linkage. As a group, the aromatic
alkyne crosslinkers produced much higher Tg’s than the aliphatic TPA crosslinker. Both
EPON 825/DDS systems displayed a higher Tg than any DAHP-BPA/polyalkyne system
excluding the TP44DDS system; although, the Tg of EPON 825/33DDS was not much
higher than DAHP/BPA/TPpPDA or DAHP/BPA/TPMDA.

47

Figure 37. Tan delta vs. temperature curves obtained via DMA of DAHPBPA/polyalkyne and EPON/DDS systems.
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Table 5
Tg determined via DMA for DAHP-BPA cured resin with TPDPE, TPA, TPMDA, and
TPpPDA
Sample

Tg (°C)

DAHP-BPA/TPA

135

DAHP-BPA/TPmPDA

144

DAHP-BPA/TPDPE

153

DAHP-BPA/TP33DDS

163

DAHP-BPA/TPMDA

164

DAHP-BPA/TPpPDA

167

EPON/33DDS

176

DAHP-BPA/TP44DDS

179

EPON/44DDS

227

In recent work, DMA was used to validate three new alternative curing profiles
for the DAHP-BPA/aromatic polyalkyne systems, using TPDPE as a representative
crosslinker. The first profile was similar to that used for the EPON 825/DDS systems,
i.e. a ramp of 1°C/min from 30 to 180°C and a hold at 180°C for 2 h. The second profile
was a single-temperature cure at 135°C for 5 h; the third profile began with the same 5 h
cure at 135°C, but this was followed by a 1°C/min ramp to 180°C, and finally a hold at
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180°C for 2 h. Samples cured using these new profiles, along with a sample cured with
the original cure profile (70°C for 24 h, 1°C/min ramp to 135°C, and a hold at 135°C for
3h) were analyzed via DMA using a 3°C/min ramp from 30 to 200°C and a frequency of
1 Hz, and the results are shown in Figure 38. Tg values were determined from the Tan δ
maximum and are listed in Table 6. These new cure profiles resulted in significant
elevation of the Tg for the DAHP-BPA/TPDPE system; for example, using a cure profile
of a 1°C/min ramp from 30 to 180°C and a hold at 180°C for 2 h resulted in a Tg increase
of ~23°C when compared to the original cure profile. These findings suggests that
systems based on the other crosslinkers may be improperly cured with the original cure
profile.

Figure 38. Tan delta vs. temperature curves obtained via DMA of DAHP-BPA/TPDPE
cured with various curing profiles.
Various curing profiles: 70°C for 24 h, 1°C/min ramp to 135°C, and a hold at 135°C for 3 h (Original Cure); single-temperature cure
at 135°C for 5 h (135C for 5h); 135°C for 5 h, 1°C/min ramp to 180°C, and a hold at 180°C for 2 h (135C for 5h ramp to 180C hold
for 2h); 1°C/min ramp from 30-180°C and a hold for 2 h (1C/min to 180C hold for 2h).
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Table 6
Tg determined via DMA for DAHP-BPA/TPDPE cured with various curing profiles
Curing Profile

Tg (°C)

Original Cure

153

135C for 5h

166

135C for 5h ramp to 180C hold for 2h

172

1C/min to 180C hold for 2h

176

Conclusions
Various aromatic tetrapropargyl amines were synthesized and investigated as
crosslinkers for the azide-modified epoxy resin, DAHP-BPA. The impetus for exploring
aromatic alkynes was to produce high-Tg thermosets suitable as matrices for high
performance composite applications. Properties of the resulting thermoset materials were
determined and compared to those of a baseline material produced using the aliphatic
TPA, and also to those of traditional epoxy/amine thermosets produced from EPON 825
and either 33DDS or 44DDS. The baseline DAHP-BPA/TPA system produced a Tg of
~135°C, which is too low for typical high-performance composite applications. The
aromatic DAHP-BPA/polyalkyne systems resulted in significantly higher Tg’s, in the
152-179°C range (DMA), but these values were lower than those produced by EPON
825/44DDS (227°C). Among the DAHP-BPA/polyalkyne systems, TP44DDS produced
the highest Tg (179°C by DMA), which was 3°C higher than EPON/33DDS. With
further optimization of the cure cycle, these systems could potentially reach higher Tg’s.
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The DAHP-BPA/alkyne systems, including even the aliphatic DAHP-BPA/TPA
system, produced cured thermosets with higher moduli than the EPON 825/DDS systems.
In fact, the aliphatic DAHP-TPA/TPA system yielded a compressive modulus of 3.85 GPa,
which was the highest of all the systems studied and over 1 GPa higher than EPON/44DDS.
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CHAPTER III - PHOTO-ACTIVATED COPPER(I) AZIDE ALKYNE
CYCLOADDITION
Introduction
In many application areas of thermoset polymers, including coatings, adhesives,
sealants, and composite matrices, a two-component system is utilized consisting of resin
and crosslinker that are mixed immediately prior to application. Such a system is
typically characterized by a finite working time or pot life, which can be a processing
limitation. In such cases, a triggered or on-demand cure can be highly advantageous.
In several recent reports,1,43,44 we described a two-component thermosetting
polymer system based on the Cu(I)-catalyzed azide alkyne cycloaddition (CuAAC)
reaction.34Error! Bookmark not defined.,35,45,22 The system consisted of the azide-functionalized
resin, di(3-azido-2-hydroxypropyl) ether of bisphenol-A (DAHP-BPA), and various
polyalkyne crosslinkers. We discussed the thermal curing of these two-component
systems, either catalyst-free with highly reactive alkynes such as propiolates, or in the
presence of Cu(I) with less reactive alkynes. Systems consisting of DAHP-BPA with a
propargyl ether or propargyl amine, in conjunction with Cu(I) were found to yield
adequate pot lives;1,44 however, the duration of the pot life has been observed to be
dependent on sample size (reaction scale).
Cu(II) can be reduced using purposefully added reducing agents,46
electrochemically,47,48,49 through auto reduction via the Glaser coupling reaction,50 and
photochemically.51,52,53,54 The in situ generation of Cu(II) presents the possibility of a
triggered cure.
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Spectroscopic studies have shown that Cu(II) complexes have a strong absorption
at 300 nm and can undergo redox reactions during UV-irradiation.55 This wavelength
correlates to the ligand-to-metal-charge transfer that is responsible for the reduction of
Cu(II).56 Recently UV light has been used for the in situ reduction of Cu(II) for both
atom transfer radical polymerization (ATRP)52,57 and CuAAC.51Error! Bookmark not defined.,53,54
Tasdelen, Uygun, and Yagci utilized UV light (350 nm) to produce Cu(I) from Cu(II)Br2
and N,N,N,N,N-pentamethyldiethylene-triamine (PMDETA), to catalyze ATRP of
methyl methacrylate.52 Yagci and Tasdelen,51 and Bowman et al.53,54 independently
developed procedures to perform CuAAC with UV light.
Yagci and Tasdelen51 utilized benzyl azide and phenyl acetylene in DMSO as a
model reaction to eliminate substituent effects for the reaction. The catalyst used was
Cu(II)Br2 with PMDETA. They used real time 1H NMR to monitor the reaction,51Error!
Bookmark not defined.,58

and found that the kinetics were second order with respect to catalyst

concentration, similarly to conventional CuAAC.59,60
Side reactions, e.g., propargyl alcohol reducing copper, were not taken into
account for Yagci and Tasdelen’s work which may have led to errors in the data. This
side reaction could accelerate the perceived light-induced reaction by contributing to the
over concentration of active catalyst.52,60 The use of propargyl bromide required
prolonged reaction times, because the side product, 5-bromo-substituted triazole,
competes with the CuAAC reaction.46
Comparatively, Bowman and coworkers,53Error! Bookmark not defined. combined ethyl
azidoacetate (20mM), 1-hexyne(20 mM), CuSO4 (10mM), 1-[4-(2hydroxyethoxy)phenyl]-2-hydroxy-2-methyl-1-propane-1-one (Irgacure 2959) (10 mM),
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in methanol, and analyzed conversion by 1H NMR. An ultimate yield of 98% of triazole
product was obtained.53
By Fourier Transform infrared spectroscopy (FTIR), Bowman et al.53 determined
a maximum rate of reaction of 9 x 10-2 mM s-1, which falls within the range of the sodium
ascorbate and copper sulfate systems measured by Kasuga and coworkers.61 Controls
formulated without light, photoinitiator, or catalyst were also analyzed using FTIR to
determine if each was necessary for reaction.53Error! Bookmark not defined.
The persistence of Cu(I) was monitored by cessation of irradiation at 5 and 10
min. Data showed that the reaction continued even without irradiation. This suggests
that Cu(I) is not rapidly consumed during dark reactions, and that the disproportionation
of Cu(I) to Cu(II) and Cu(0) occurs over a longer time scale than the CuAAC reaction.
Thanks to the persistence of the Cu(I), a sample irradiated for 5 min (20% conversion)
reached a conversion of 80% after 160 min in the dark. This correlates to at least 130
reaction events per absorbed photon; whereas a continuously irradiated sample only
achieves about 20 reactions per absorbed photon.59Error! Bookmark not defined. Diffusivity of
Cu(I) has been found to be on the order of 10-5 cm2 s-1 which correlates to hundreds of
µm of diffusion during the course of a reaction.62 Bowman and coworkers investigated
this phenomenon by using a patterning experiment and found sites that had reacted only 5
µm wider than the photomask.53Error! Bookmark not defined. They developed three different
explanations for this loss of translational motion. First, they determined that Cu(I) binds
with the alkyne and therefore concluded that the diffusion dynamics are controlled by the
alkyne.53 Second, the Cu(I) becomes ligated to the triazole, also reducing its diffusion.53
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Third, Cu(I) is readily consumed outside of the irradiated area, presumably by
oxygen.53,63
These two procedures by Yagci and Tasdelen,51 and Bowman et al.53 show that
the use of a photoinitiator may or may not be necessary. This depends on the identity of
the Cu(II) species and at which wavelengths it absorbs light.
A critical issue with any photocuring process is depth of penetration of the UV
radiation. To circumvent this issue, the use of UV initiators in combination with thermal
initiators has been used to create a frontal type polymerization.64,65 This method works
by using the heat released by the UV-induced reaction to dissociate the free radical
initiator to allow for further heat to be developed and continuing the reaction. This UVinduced frontal polymerization technique has been reported by Pojman and Hoyle,64 and
has been used to cure thick epoxy resins by Priola.65
This research focuses on developing a frontal polymerization technique,
specifically a room temperature “UV-triggered” curing method for composite materials.
The system will be cured via the highly exothermic CuAAC reaction. The components
of the resin system have previously been reported by Storey et al.1 in the context of a
purely thermally cured system and consist of an azide functionalized diglycidyl ether of
bisphenol-A (DGEBA) and various polyalkyne crosslinkers. The ultimate goal is a
composite matrix resin system that may be cured on-demand at room temperature for outof-autoclave applications such as field repair.
Experimental
Materials
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Copper(II) 2-ethylhexanoate (CEH), copper(II) acetylacetonate (CuAA) (97%),
copper(II) bromide (CuBr2) (99.999%), copper(II) acetate (Cu(OAc)2) (98%), copper(II)
sulfate (CuSO4 anh) (anhydrous, ≥99%), copper(II) sulfate pentahydrate (CuSO4 penta)
(~99%), dichloro(1,10-phenanthroline)copper(II) (DCPC) (98%),
bromotris(triphenylphosphine)copper(I) (BTTPP) (98%), EOSIN Y (dye content ~99%),
and 2-hydroxy-4’-(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure 2959) (98%)
were purchased and used as received from Sigma Aldrich. Tripropargylamine (TPA)
(97%) was purchased and used as received from GFS Chemical. The diglycidyl ether of
bisphenol-A (EPON 825) was donated by Hexion Specialty Chemicals and used as
received. Synthesis of the azide functional resin, di(3-azido-2-hydroxypropyl) ether of
bisphenol-A (DAHP-BPA), and the difunctional alkyne tetra(ethylene glycol)
dipropargyl ether (TEGDPE) were accomplished following procedures developed by
Gorman, et al.1
Instrumentation
Reaction conversion during exposure to UV radiation was monitored using real
time FTIR (RT-FTIR) by observing the disappearance of the azide and alkyne peaks that
are coincident at ca. 2,100 cm-1. The RT-FTIR studies were conducted using a Nicolet
8700 spectrometer with a KBr beam splitter and a DTGS detector and an Omnicure
S2000 ultraviolet light source with a 320−500 nm filter. Overall lamp intensity was 25
mW/cm2, with peak intensity at 365 nm. FTIR analysis was conducted using a horizontal
sample holder designed especially for this purpose. Approximately 0.05-0.10 mL of the
sample was sandwiched between two 25 mm NaCl salt plates and placed into the sample
holder. Data acquisition was begun, and spectra were taken approximately every 1 s for
57

the duration of the experiment (experiments ranged ~10-60 min) with each spectrum
consisting of 1 scan. After a 10 s delay, the UV irradiation was turned on, signifying the
start of the reaction (t = 0 s). The ten second delay between the start of data acquisition
and the onset of UV light allowed for the establishment of a stable baseline prior to the
beginning of the reaction.
Proton nuclear magnetic resonance (1H NMR) spectra were obtained using a
300.13 MHz Varian Mercuryplus NMR (VNMR 6.1C) spectrometer. Typical acquisition
parameters were 5 s recycle delay, 7.8 µs pulse corresponding to a 45 degree flip angle,
and an acquisition time of 1.998 s. The number of scans acquired for each sample was 32.
All 1H chemical shifts were referenced to TMS (0 ppm). Sample solutions were prepared
at a concentration of approximately 10 wt% in DMSO-d6 containing 1% TMS as an
internal reference, and the resulting solution was charged to a 5 mm NMR tube.
Thermal analysis was performed on the photo-cured films using a Q200 (TA
Instruments) differential scanning calorimeter. An inert furnace atmosphere was
maintained using a 50 mL/min dry nitrogen purge. Photo-cured polymer samples (1-5
mg) were analyzed in standard aluminum hermetically sealed Tzero DSC pans. All
samples were equilibrated to 0 °C, held isothermally at 0 °C for 2 min, and then heated
from 0-180 °C at a rate of 10 °C/min. A first-scan Tg was recorded. Thermal data were
analyzed using TA Universal Analysis software, and the midpoint of the glass transition
inflection was used to specify the Tg value.
Sample Preparation
Real-time FTIR Sample Preparation. Samples were prepared by first mixing
azide and alkyne at 1:1 stoichiometric equivalence in a 20 mL scintillation vial. Cu(II)
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catalyst precursor, at an appropriate concentration relative to azide, was then added to the
vial, and the mixture was stirred by hand for 5 min. A control formulation was prepared
similarly to which was additionally added photoinitiator (Irgacure 2959) at 5 mol%
relative to azide. A representative preparation was as follows: DAHP-BPA resin (2.00 g,
4.69 mmol) and TPA (0.41 g, 3.13 mmol) were charged to a 20 mL scintillation vial.
Cu(OAc)2 (4.24 mg, 0.024 mmol, 0.25 mol% relative to azide) was next added to the
vial, and the mixture was stirred by hand for 5 min.
Neat Linear Polymerization. To provide a soluble sample for 1H NMR analysis
of reaction conversion, a neat, linear polymerization was conducted by reacting DAHPBPA resin with the difunctional alkyne, TEGPE, at a molar ratio of azide:alkyne = 1:1
and 0.25% Cu(OAc)2 relative to azide. Thus, TEGDPE (2.04 g, 7.54 mmol), DAHPBPA (3.21 g, 7.53 mmol), and Cu(OAc)2 (0.007 g, 0.039 mmol) were combined and
mixed for 5 min to create a masterbatch, and then 0.1 g aliquots of this mixture were
charged to a series of 20 mL glass scintillation vials, which served as individual
polymerization reactors. The aliquots were cured under UV light irradiation (Omnicure
S2000 lamp with a 320−500 nm filter at an intensity of 25 mW/cm2), and individual vials
were removed from the light at t = 0, 5, 10, 20, 30, 40, 50, and 60 min. The contents of
each vial were dissolved in DMSO-d6 immediately upon removal from the UV light in
order to quench the reaction. Conversion was determined via 1H NMR by monitoring the
increase in intensity of the combined 1,4- (8.72 ppm) and 1,5-disubstituted triazole ring
protons (8.29 ppm), relative to the C3,5 phenyl protons (7.12 ppm) of the DAHP-BPA
resin. The latter protons served as a convenient internal standard whose intensity
remained constant over the course of reaction. By way of illustration, Figure 39 shows
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spectra acquired prior to and after 1 h of irradiation. The triazole proton resonances are
labeled a (1,4 isomer) and b (1,5 isomer), and the C3,5 phenyl protons are labeled c.
Reaction conversion, p, was calculated according to equation 1,

p2

Aa b
Ac

(1)

where, Aa+b is the combined integrated intensities of peaks a and b and Ac is the
integrated intensity of peak c.

Figure 39. 1H NMR spectra of a DAHP-BPA/TEGDPE/0.25 mol% Cu(OAc)2 sample
prior to (upper) and after 1 h irradiation (lower).
Using an Omnicure S2000 lamp with a 320−500 nm filter (peak intensity 365 nm) at an overall intensity of 25 mW/cm2 (lower).
Reaction conversion was calculated as the integrated intensity of the combined 1,4- and 1,5-disubstituted triazole ring protons, peaks a
and b, relative to that of the C3,5 phenyl protons of DAHP-BPA, peak c.

Preparation of Cured Films. Free-standing, cured films were prepared from
DAHP-BPA and TPA at a 1:1 molar ratio of azide:alkyne. Cu(OAc)2 was employed at a
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concentration of 0.25 mole% relative to azide, bromotris(triphenylphosphine)copper(I)
(BTTPP) at either 0, 1, or 2 mol% relative to azide, and the visible-light photoinitiator
EOSIN Y at 4 mol% relative to azide. Samples were irradiated with 30 mW/cm2
broadband light (medium pressure Hg UV lamp, model Hanovia 679A0100) for 120 min
utilizing either a 400 or 500 nm cutoff filter. A representative preparation employing 2
mol% BTTPP was as follows: DAHP-BPA (1.249 g, 2.93 mmol), TPA (0.257 g, 1.96
mmol), Cu(OAc)2 (0.0027g, 0.015 mmol), EOSIN Y (0.151g, 0.233 mmol), and BTTPP
(0.109 g, 0.117 mmol) were charged to a 20 mL scintillation vial. The system was handmixed for 5 min and degassed under reduced pressure (~15 torr) for 30 min.
Approximately 200 mg of the mixture was then cast as a thin film within a Teflon
evaporatory dish. The sample was then irradiated with 30 mW/cm2 broadband light for
120 min utilizing a 400 nm cutoff filter.
Results and Discussion
Real-time FTIR Analysis of the UV-Initiated CuAAC Reaction.
Tasdelen and Yagci showed that the use of a photoinitiator was not required when
CuAAC was performed in solution by irradiation of CuCl2.51Error! Bookmark not defined. These
authors also showed that, once initiated, the CuAAC reaction will continue without
further UV irradiation, i.e., the reaction will continue in the dark.51 In the current work,
we have conducted experiments to establish whether these findings also hold for
reactions conducted in the bulk, involving polymer network-forming reactants. Figure 40
shows CuAAC conversion as a function of time for the DAHP-BPA
resin/tripropargylamine/Cu(OAc)2 system, irradiated for various times with 365 nm light
at an intensity of 25 mW/cm2. In view of the report by Tasdelen and Yagci, the systems
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were irradiated in the absence of a photoinitiator. Control experiments conducted in the
absence of UV irradiation (0 s) and in the presence of UV irradiation and photoinitiator
(5 mol% relative to azide, Irgacure 2959) (600 s PI) were also performed. Reaction did
not occur in the absence of UV radiation (0 s curve), indicating that Cu(OAc)2 is
ineffective under these conditions and within this timeframe and that no auto-reduction of
Cu(II) took place.66 The presence of photoinitiator had no significant effect on the rate or
extent of photopolymerization, and thus the findings of Tasdelen and Yagci regarding the
superfluity of a photoinitiator apply also to the bulk DAHP-BPA/TPA system. The rate
and extent of photopolymerization were also independent of the duration of UV
irradiation, for irradiation times > 30 s. For all irradiation times above this threshold,
rapid photopolymerization began after a brief induction period (25-30 s);
photopolymerization continued in the dark for those samples irradiated for relatively
short times (30 and 60 s), and then slowed rather abruptly when the conversion reached
the 70-80% range. The abrupt slowing of the reaction is ascribed to vitrification of the
reaction mass, caused by a rise of the glass transition temperature of the forming polymer
network above the temperature of the system. As will be discussed later, when
conversion is monitored for times considerably longer than 600 s, it is observed to
continue to rise slowly after vitrification. The sample irradiated for only 15 s displayed a
significantly reduced rate of photopolymerization and a significantly lower conversion at
600 s. The mechanism of photoreduction of Cu(II) to Cu(I) has been reported to occur by
a ligand-to-metal charge transfer. Under the conditions of Figure 40, photoreduction is
apparently complete between 15-30 s irradiation, thereby reducing all available copper to
Cu(I).
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Figure 40. Conversion (real-time FTIR data) vs. time for the DAHP-BPA
resin/tripropargylamine/Cu(OAc)2 system.
As a function of time of irradiation with 320-500 nm filtered light (peak 365 nm) at an intensity of 25 mW/cm2. Azide:alkyne was 1:1
(mol:mol). Cu(II) was 0.25 mol% relative to azide. The control sample with photoinitiator (600 s PI) contained Irgacure 2959 at 5
mol% relative to azide and was irradiated for 600 s. The control sample in the absence of UV irradiation (0 s) did not contain
photoinitiator. UV irradiation began at t = 0 s.

We next examined seven different Cu(II) species to detect any differences that
might arise due to solubility of the salts within the DAHP-BPA system: CEH, CuAA,
CuBr2, Cu(OAc)2, CuSO4anh, CuSO4penta, and DCPC. Real-time FTIR data for each
Cu(II) compound are shown in Figure 41, and the ultimate conversions at 60 min were
determined and listed in Table 7. Figure 41(a) (upper) shows data from samples of
relatively longer path length as indicated by an initial peak intensity at 2,100 cm-1 of  1
absorbance unit; Figure 41(b) (lower) shows data from samples of relatively shorter path
length as indicated by an initial peak intensity at 2,100 cm-1 of < 1 absorbance unit. All
seven Cu(II) compounds performed essentially the same with respect to their
effectiveness as a catalyst. When sample thickness (reacting mass) was controlled, all
Cu(II) species produced similar rates of photopolymerization and similar final
63

conversions. This simple conclusion was initially confused by different sample
thicknesses. The CuAAC reaction is highly exothermic, and small differences in reaction
mass can produce detectable differences in reaction rate. This becomes apparent when
Figure 41(a) and 41(b) are compared. Figure 41(a), which shows data from relatively
longer path-length samples, shows higher initial polymerization rates. We hypothesize
that the greater reaction rate in the longer path-length samples is due to a slightly greater
rise in temperature due to the exothermic reaction in the larger reacting mass. This
phenomenon has no effect on the final conversions of the photopolymerization. Table 7
shows that the final conversions were all in the 80-90% range, regardless of the Cu(II)
species and regardless of sample thickness (initial peak intensity at 2,100 cm-1). It will be
noted that the conversions in Table 7, measured after 3600 s, are uniformly higher than
those in Figure 40, which were measured after 600 s. This supports the statement made
earlier that reaction conversion continues to slowly rise even after glassy vitrification.
Visual observation of the formulated systems prior to irradiation suggested that
only CEH was readily and fully soluble within the DAHP-BPA resin. All other Cu(II)
compounds produced turbid mixtures with DAHP-BPA suggesting only partial or marginal
solubility. Although CEH did not show greater effectiveness as a catalyst with regard to
rate or final conversion, its greater solubility might confer process advantages in a practical
system.
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Figure 41. Conversion (real-time FTIR data) vs. time for the DAHP-BPA resin/TPA
system as a function of Cu(II) source.
Copper source: CEH, CuAA, CuBr2, Cu(OAc)2, CuSO4anh, CuSO4penta, DCPC. Azide:alkyne was 1:1 (mol:mol). Cu(II) was 0.25
mol% relative to azide. UV irradiation (320-500 nm filtered light, peak 365 nm, intensity 25 mW/cm2) began at t = 0 s and persisted
continuously for 3,600 s. a) (upper): data from samples of relatively longer path length as indicated by an initial peak intensity at
2,100 cm-1 of ≥ 1 absorbance unit. b) (lower): data from samples of relatively shorter path length as indicated by an initial peak
intensity at 2,100 cm-1 of < 1 absorbance unit.
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Table 7
Reaction Conversion of the DAHP-BPA/TPA System Under UV Irradiation of Various
Copper(II) Catalyst Precursorsa
Ultimate Conversion (%)

Ultimate Conversion (%)

High Intensity

Low Intensity

CEH

88.0

89.7

CuAA

88.4

83.9

CuBr2

85.6

81.9

Cu(OAc)2

88.5

82.1

CuSO4anh

86.9

84.3

CuSO4penta

84.0

85.5

DCPC

87.2

90.6

Catalyst

a

Conversion, measured from the azide/alkyne peak (2,100 cm-1), at 3,600 s. Azide:alkyne was 1:1 (mol:mol). Cu(II) was 0.25 mol%

relative to azide. UV irradiation (320-500 nm filtered light, peak 365 nm, intensity 25 mW/cm2) began at t = 0 s and persisted
continuously for 3,600 s.

Validation of RT-FTIR Data Using Neat Linear Polymerization

Figure 42. Reaction of DAHP-BPA with TEGDPE under UV irradiation with Cu(OAc)2
catalyst precursor.
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Conversion data obtained by real-time FTIR were validated using 1H NMR as a
second method. DAHP-BPA was reacted with the difunctional alkyne, TEGDPE. (Figure
42) using UV irradiation and the catalyst precursor, Cu(OAc)2, to produce a linear
polymer that could be analyzed by 1H NMR. Eight identically formulated reactions were
carried out in separate glass scintillation vials and quenched after various reaction times.
For each reaction, conversion was determined by integration of the triazole peaks, as
described in the Experimental section. Real-time FTIR monitoring was applied to an
identically formulated sample reacted between NaCl plates, and monitored for 60 min.
Equal light intensity (25 mW/cm2) was applied in the two reactor configurations. The
results, shown in Figure 43, indicate excellent agreement between FTIR and NMR data.
These results validate the RT-FTIR data, and show that the reaction proceeds at the same
rate regardless of reactor configuration (scintillation vial vs. thin film between NaCl
plates).
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Figure 43. Conversion vs. time for the DAHP-BPA resin/TEGDPE system.
Data from 1H NMR (aliquots) and FTIR (real time) are compared. Azide:alkyne was 1:1 (mol:mol). Cu(OAc) 2 was 0.25 mol%
relative to azide. For RT-FTIR analysis, UV irradiation (320-500 nm filtered light, peak 365 nm, intensity 25 mW/cm2) began at t = 0
s and persisted continuously for 3,600 s. For NMR analysis, reactions were subjected to 0, 5, 10, 20, 30, 40, 50, and 60 min of UV
irradiation.

Optimization of UV-curing Parameters
It was of interest to explore the lower limit of effectiveness of the copper(II)
catalyst precursor with regard to its concentration within the DAHP-BPA/TPA system.
With the exception of CEH, the various copper(II) species were only marginally soluble
in DAHP-BPA/TPA; therefore, nominal catalyst loadings above the solubility limit
would likely be wasteful, and at worst, might adversely affect mechanical properties by
forming inclusions within the cured material. Cu(OAc)2 was chosen as a representative
copper(II) compound, and samples were prepared with a molar ratio of azide:alkyne of
1:1 and varying concentrations of Cu(OAc)2 from 5 x10-4 to 0.25 mol% relative to azide,
using a total reaction mass of approximately 0.5 g. Each sample was irradiated at 365 nm
for 30 s, and conversion was monitored in using RT-FTIR (2,100 cm-1) for 400 s. The
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resulting data (Figure 44) show that although the rate of reaction continuously increased
with increasing Cu(II) loading, a point of diminishing return occurred at about 0.05
mol%, and the latter concentration may therefore be near the optimum from a cost-benefit
perspective. The rate of reaction dropped sharply as the Cu(II) concentration was
reduced from 0.05 to 0.025 mol%, and at 5 x10-4 mol% the reaction proceeded only
slightly above the baseline, suggesting very little catalytic activity at that concentration.
The data also revealed an induction period that increased in duration as the Cu(II) loading
increased, leveling to a maximum of about 75 s for the higher loadings.

Figure 44. Conversion (real-time FTIR data, short path-length samples) vs. time for the
DAHP-BPA resin/TPA system as a function of Cu(OAc)2 concentration.
Cu(OAc)2 concentration: 0.25, 0.05, 0.025, 0.005, 2.5 x10-3, and 5 x10-4 mol%, relative to azide. Azide:alkyne was 1:1 (mol:mol).
UV irradiation (320-500 nm filtered light, peak 365 nm, intensity 25 mW/cm2) began at t = 0 s and persisted for 30 s.

Differential Scanning Calorimetry of Photo-cured DAHP-BPA/TPA
Difficulties were encountered when the DAHP-BPA/TPA system was UV-cured
as a bulk film between glass slides (film thickness = 0.7 mm). After approximately 1 min
of UV irradiation (Omnicure S2000 lamp with 320−500 nm filter, 25 mW/cm2) bubbles
69

began to form in the samples. Bubbles had not been previously observed in the very thin
cross-sections employed in the RT-FTIR analysis, nor were they observed in the
approximately 1 mm thick samples of the DAHP-BPA/TEGDPE system used for NMR
analysis of reaction conversion. Absence of bubbles in the latter system could be
attributable to its linear, i.e., non-gelling, polymer architecture, and/or the relatively
lower viscosity imparted by the TEGDPE curative. Investigation of this issue led us to
suspect azide degradation to form nitrogen gas, which might be responsible for the
observed bubbles in the forming gel. Azides are reported to absorb at a λmax of 345 nm,
with the absorption extending up to the 380 nm region.67 To address this problem, we
switched to a broad-band light source (medium pressure Hg UV lamp, model Hanovia
679A0100, 30 mW/cm2) and experimented with UV filters, one with a 400 and the other
with a 500 nm cutoff. Either filter was found to effectively eliminate bubbles and
therefore, presumably, to prevent azide degradation and nitrogen gas evolution. We thus
chose the 400 nm cutoff filter for further experimentation.
With the degradation of the azide now prevented by elimination of radiation of
wavelengths lower than 400 nm, the visible-light photoinitiator, EOSIN-Y, was added to
the system at 4 mol% relative to azide. This photoinitiator that has a λmax of 500 nm.
Formulations designed to produce free-standing films were then prepared as outlined in
the experimental section. Initially, Cu(II) catalyst precursor was used as the sole source
of Cu(I) catalyst at the standard concentration of 0.25 mol% relative to azide. Films were
prepared by placing 200 mg of the viscous liquid onto a Teflon evaporating dish for easy
removal of the cured material. Irradiation was then provided by the broad spectrum lamp
at 30 mW/cm2 while using the 400 nm cutoff filter, for a duration of 2 h. Upon
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completion of the irradiation, the samples were observed to have been converted from a
viscous liquid to a solid glassy material. However, DSC analysis revealed a Tg of only 35
°C; whereas, a Tg of 130 °C can be routinely achieved from this composition when cured
thermally.68 A representative DSC thermogram is shown in Figure 45. Above the glass
transition, a large reaction exotherm was observed, indicating residual thermal reaction
enabled by chain mobility and thermal activation. All DSC curves displayed this same
pattern, which indicates that the sample vitrified at the lower temperatures prevailing
during UV irradiation, preventing further reaction. This behavior is typical of glassy
network polymers; for example epoxy/amine polymers typically require a post cure at
elevated temperatures to achieve a fully cured sample. Comparison of the integral of the
reaction exotherm of an uncured sample to that of the UV-cured sample in Figure 45
showed that the UV cure achieved a reaction conversion of 64%.
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Figure 45. Typical DSC thermogram of a UV light (>400 nm) cured DAHP-BPA/TPA at
a 1:1 azide:alkyne mol ratio.
Formulated with 0.25 mol% Cu(OAc)2 and 4 mol% EOSIN Y, relative to azide, cured using a broadband lamp and a 400 nm cutoff
filter for 2 h. Thermal analysis was performed by equilibrating the sample at 0 °C, holding at 0 °C for 2 min, and heating from 0-180
°C at a rate of 10 °C/min.

Several experiments were conducted in which Cu(I) was added to the initial
formulation. Such formulations would not display a purely “on-demand” cure; however,
we hypothesized that such formulations might reach higher extents of cure prior to
vitrification by causing an increase in temperature due to substantially higher reaction
rate upon UV irradiation. Thus, BTTPP was added at 1 and 2 mol% relative to azide to
determine whether this technique could be used to achieve a higher extent of cure and
higher Tg. Samples were cured for 2 h using the broad spectrum lamp at 30 mW/cm2 and
the 400 nm cutoff filter. Solid glassy materials were obtained; however, DSC
thermograms of samples after UV curing (Figure 46) showed that only small increases in
glass transition temperature were obtained. Tg values extracted from the curves in Figure
46 are shown in Table 8.
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Figure 46. DSC thermograms of samples cured using UV light (>400 nm) at 30 mW/cm2
for 2 h.
Samples were prepared with DAHP-BPA/TPA at a 1:1 azide:alkyne mol ratio with 0.25 mol% Cu(OAc)2, 4 mol% EOSIN Y, and 0-2
mol% (all mol% relative to azide) BTTPP. Thermal analysis was performed by equilibrating the sample at 0°C, holding at 0°C for 2
min, and heating from 0-180°C at a rate of 10°C/min.

Table 8
Tg after UV Irradiationa of the DAHP-BPA/TPA/Cu(II)/EOSIN Yb System with Various
Levels of Cu(I) Catalyst
BTTPP Loading (mol% Relative to Azide)

Tg (°C)c

0

35.1

1

41.7

2

44.7

a broad spectrum lamp with 400 nm cutoff filter; 30 mW/cm2; 2 h
b 1:1 azide:alkyne; 0.25 mol% Cu(OAc)2 and 4 mol% EOSIN Y relative to azide
c DSC; midpoint of the glass transition inflection was used to specify the Tg value

It was of interest to determine whether sunlight could be used to cure the EOSIN
Y-containing formulations without bubble formation. A sample was prepared using the
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formulation of
Tg after UV Irradiationa of the DAHP-BPA/TPA/Cu(II)/EOSIN Yb System with Various
Levels of Cu(I) Catalyst at 1 mol% BTTPP and placed onto a Teflon evaporating dish.
The dish was then covered with a 400 nm cutoff filter, brought to the roof of the Shelby
F. Thames Polymer Science Building at The University of Southern Mississippi, and
allowed to cure for 2 h on a sunny 90 °F day. After sunlight irradiation, the sample was
observed to be a solid glassy material, but due to the dye it was hard to determine if
bubbles were present. DSC revealed a Tg of 41.8 °C. Figure 47 compares the DSC curve
of the sunlight-cured sample to an uncured, control sample, formulated identically.

Figure 47. DSC thermograms of the DAHP-BPA/TPA system, both uncured and after
curing in sunlight for 2 h.
Samples were prepared with at a 1:1 azide:alkyne mol ratio with 0.25 mol% Cu(OAc)2, 4 mol% EOSIN Y, and 1 mol% (all mol%
relative to azide) BTTPP. Thermal analyses were performed by equilibrating the sample at 0°C, holding at 0°C for 2 min, and heating
from 0-180°C at a rate of 10°C/min.

Conclusions
The objective of this research was to explore the UV-light triggered cure of the
azide functional resin (DAHP-BPA) with polyalkyne crosslinkers and Cu(II) as a photo74

reducible catalyst precursor. Specifically, we wished to determine whether the UVtriggered CuAAC reaction could be carried out in the absence of a photoinitiator, as
reported by Tasdelen and Yagci,64Error! Bookmark not defined. for thermosetting reactions
conducted in the bulk. Photo-reduction of Cu(II) was indeed efficient using 320-500 nm
filtered UV light (maximum at 365 nm) in the absence of a photoinitiator. Using RTFTIR, it was observed that within 60 s of UV irradiation ~60% of the reaction had taken
place. Then upon further irradiation for 1 h, the conversions increased to >80%. 1H
NMR was used to verify the RT-FTIR data, and good agreement was achieved between
the two methods.
Using RT-FTIR, it was shown that the rate and extent of cure was independent of
the Cu(II) compound utilized, for a group of seven Cu(II) compounds analyzed,
composed of various counterions/ligands. The only distinction observed among the
seven catalysts was the exceptional solubility of CEH within the DAHP-BPA system.
Although CEH did not show greater effectiveness as a catalyst with regard to rate or final
conversion, its greater solubility might confer process advantages in a practical system.
Using Cu(OAc)2 as a representative Cu(II) source, optimal amount of copper catalyst
loading was determined to be about 0.05 to 0.25 mol% relative to azide. Lower amounts
could be used, but the rate of reaction was observed to decrease dramatically below 0.05
mol%. It was also shown that conversion was independent of the UV irradiation time as
long as irradiation time was at least 30 s at 25 mW/cm2.
Issues arose when trying to prepare cured films of greater thickness (0.7 mm).
Bubbles began to form within one minute of irradiation, and were determined to be the
degradation of the azide into nitrogen gas. This problem was not observed in very thin,
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thermosetting films or in thick films (1 mm) for which the reaction product was a linear,
non-thermosetting polymer. Undoubtedly this problem also was not recognized by
Tasdelen and Yagci,51Error! Bookmark not defined. who were studying reactions in solution.
Bubble formation was eliminated by switching to a broadband lamp with a 400 nm cutoff
filter and adding a visible-light photosensitizer, EOSIN-Y, to achieve photosensitivity of
the system above 400 nm. Using EOSIN-Y within the matrix resulted in a cured material
within 2 h of irradiation with either a broadband lamp, or sunlight. Tg of the material
cured in this manner was 35 °C, well below the high-conversion Tg of this system.
Copper(I) was added in an attempt to elevate the Tg by increasing reaction conversion,
but Tg rose only slightly, from 35 to 44 °C, using this strategy.
Strategies for raising the Tg of the photo-cured samples might include higher
Cu(II) concentration, greater light intensity, and higher reaction mass. These approaches
are meant to create a more adiabatic process, such that the reaction exotherm causes a rise
in reaction temperature and thereby delays the onset of vitrification. Higher
concentrations of Cu(I) in the initial formulation might also achieve higher Tg, but care
must be taken to avoid uncontrolled reaction exotherm. We have occasionally observed
this during mechanical mixing at room temperature, when Cu(I) was added above 2.5
mol% relative to azide. Similar levels of Cu(I) might be tolerated if the system were
mixed at a reduced temperature. Finally, the total Cu(I) available to the system after UV
activation should be carefully specified to avoid excessive reaction exotherm, which can
lead to uncontrolled reaction rate and thermal degradation of the system.
For a relatively high-Tg glassy network such as this, we conclude that the UV
photo-reduction, i.e., triggered-cure, method is potentially useful as a means of providing
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indefinite working time (essentially infinite pot-life), but the resulting network will most
probably require a thermal post-cure for adequate properties development. The use of
320-500 nm filtered light in the absence of a photoinitiator, while efficient with regard to
photo-reduction of Cu(II), also produces bubbles in the cured network, apparently
through degradation of the azide component. The use of >400 nm light in the presence of
a visible light photosensitizer such as EOSIN-Y, causes photo-reduction of Cu(II)
without apparent azide degradation.
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CHAPTER IV – 1H AND 13C NMR ANALYSIS OF DISUBSTITUTED 1,2,3TRIAZOLES AND REGIOSELECTIVITY AFFORDED BY COPPER(I) AND
RUTHENIUM(II) CATALYST
Introduction
The reaction of a terminal alkyne with an azide was first discovered by Michael in
1893,69 but its mechanism was unknown until the late 1950’s and 1960’s. Huisgen
determined the reaction mechanism using a group of [3+2] cycloadditions, and coined the
term “1,3-dipolar cycloaddition” to name the reaction.21,22 The Huisgen 1,3-dipolar
cycloaddition was shown to be a concerted-type reaction and to produce a mixture of 1,4
and 1,5 disubstituted triazoles.21 After the 1960’s, the reaction fell out of favor due to its
long reaction times and the requirement for elevated temperatures.
Regioselectivity was not possible for the cycloaddition until 2002, when
simultaneous publications from Fokin and Sharpless,2 and Meldal et al.70 reported the
effective catalysis of the azide alkyne cycloaddition by copper(I). In the presence of
copper(I), the reaction rate increased by orders of magnitude, and the reaction became
regioselective, forming only the 1,4-disubstituted triazole. The copper(I) azide alkyne
cycloaddition (CuAAC) was also shown to have the appropriate characteristics to be
labeled a “click” reaction as proposed by Kolb, Finn, and Sharpless.24 The characteristics
of “click” reactions, as suggested by these authors, are stereospecificity, high yield,
simple reaction conditions, and non-offensive or no byproducts whatsoever.71
It is believed that copper(I) orders the azide and alkyne such that the substituents
of the azide and alkyne are furthest apart, thereby forming the 1,4-regioisomer. The
CuAAC regioselectivity comes from the copper(I) bimetallic complexation with the
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alkyne.72,73,74 This complex causes a decrease in electron density on the alkyne which
increases the reactivity of the alkyne towards the cycloaddition. Then, during the
catalytic cycle, a 6-membered intermediate develops that contains a copper(III)
alkenylidene (Cu=C=C) bond with a bond angle of 131.4°.74 This allows for insertion of
a second Cu(I) atom at the open valence of the Cu=C=C bond.74 Addition of the second
Cu(I) atom further orders the reactive species and alleviates the angle strain. The second
Cu(I) also apparently aids in developing the 5-membered triazole by pushing electron
density towards the appropriate nitrogen specie.
Inspired by the tremendous utility of copper(I) as a regiospecific catalyst for azide
alkyne cycloaddition, researchers have experimented with other metals to produce either
the 1,5-disubstituted triazole or to replicate the catalytic activity of copper.23 In 2005,
Sharpless and Fokin reported the catalysis of the azide alkyne cycloaddition with
ruthenium(II) cyclopentadienyl complexes.3 This newly termed ruthenium azide alkyne
cycloaddition (RuAAC) produced predominantly the 1,5-disubstituted triazole.71
RuAAC is not as robust as CuAAC, but it does allow for reactions with internal alkynes.3
RuAAC leads to regioselectivity via an oxidation-reduction-type mechanism, which
eliminates the need for a terminal alkyne as observed in CuAAC.75,76 The oxidative
coupling step produces the 1,5-regioisomer by coordinating the ruthenium catalyst with
the π electrons of the alkyne and the most internal nitrogen of the azide.75Error!
Bookmark not defined.,76 This forces a nucleophilic attack on the terminal alkyne
carbon by the terminal nitrogen in the azide, thus yielding the 1,5-isomer upon reductive
elimination.75Error! Bookmark not defined.,76
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In summary, the relative abundances of the two regioisomeric triazoles resulting
from azide alkyne cycloaddition can be tailored by choice of catalyst. Cu(I) generates
predominantly the 1,4 isomer; Ru(II) has been reported to generate predominantly the 1,5
isomer, and the pure thermal reaction (no catalyst), generates roughly an equal mixture of
the two isomers. This research focuses on the complete identification and
characterization of the 1,4- and 1,5-disubstituted triazole products using 1H and 13C NMR
spectroscopy, and to determine the regiospecificity of the reaction product as a function
of catalyst identity and reaction conditions.
Experimental
Materials
Tetrahydrofuran (THF), N,N-dimethylformamide (DMF) (Certified ACS),
dichloromethane (DCM) (Certified ACS), and magnesium sulfate (MgSO4) were
purchased and used as received from Fisher Scientific. Deuterated dimethyl sulfoxide
(DMSO-d6) (1 v/v% TMS, 99.9 atom % D) was purchased and used as received from
ACROS Organics. Bromotris(triphenylphosphine)copper(I) (Cu(PPh3)3Br), and
chloro(pentamethylcyclopentadienyl)(cyclooctadiene)ruthenium(II) (Cp*RuCl(cod))
were purchased and used as received from Sigma Aldrich. The diglycidyl ether of
bisphenol-A (DGEBA, EPON 825) was donated by Hexion Specialty Chemicals. The
azide functional resin, di(3-azido-2-hydroxypropyl) ether of bisphenol-A (DAHP-BPA),
and dialkynes, tetraethyleneglycol dipropargyl ether (TEGDPE) and tetraethyleneglycol
dipropriolate (TEGDP), were prepared using a previously published procedure.1
Instrumentation
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Nuclear magnetic resonance (NMR) spectra were obtained using a 300 MHz
Varian Mercuryplus NMR (VNMR 6.1C) spectrometer. Sample concentrations were
approximately 25% (w/v) in either CDCl3 or DMSO-d6 containing 1% TMS as an internal
reference, and the resulting solutions were charged to 5 mm NMR tubes. Proton spectra
were obtained at a frequency of 300.13 MHz. Typical acquisition parameters were 10 s
recycle delay, a 7.8 µs pulse corresponding to a 45 degree flip angle, and an acquisition
time of 1.998 s. The number of scans acquired for each sample was 32. All shifts were
referenced automatically by the software (VNMR 6.1C) using the resonance frequency of
TMS (0 ppm) in either CDCl3 or DMSO-d6. Carbon spectra were obtained at a frequency
of 75.5 MHz. Typical acquisition parameters were a 1 s recycle delay, a 7.8 µs pulse
width corresponding to a 45 degree flip angle, and an acquisition time of 1.8 s. The
number of scans acquired for each sample was 256. Composite pulse decoupling was
used to remove proton coupling, and all shifts were referenced either automatically by the
software (VNMR 6.1C) or manually using the resonance frequency of either CDCl3 (77.0
ppm) or DMSO-d6 (39.52 ppm). Heteronuclear single-quantum correlation (HSCQ)
spectra were acquired at a frequency of 300.15 MHz for proton. Acquisition parameters
included a recycle delay of 2 s, a 90° pulse width of 14.2 µs, a 1H sweepwidth of 9.8
ppm, a 13C sweepwidth of 170 ppm, and an acquisition time of 170 µs. The number of t1
increments was 400 with 4 scans per increment. States-Haberkorn phase cycling was
used to obtain phase sensitive data. An additional 600 points were added to the F1
dimension via linear prediction. Both t1 and t2 were zero-filled to 4096 and 1024 data
points, respectively, and apodized using a Gaussian function prior to Fourier
transformation.
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Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF-MS) was performed using a Bruker Microflex LRF MALDI-TOF mass
spectrometer equipped with a nitrogen laser (337 nm) possessing a 60 Hz repetition rate
and a 50 mJ energy output. Samples were prepared using the dried-droplet method.
Matrix (dithranol) solution, 20 mg/mL, a 10 mg/mL cationizing agent (sodium
trifluoroacetate) (NaTFA) solution, and a 10 mg/mL polymer solution, all in THF, were
mixed in a volumetric ratio of matrix/sample/cationizing agent = 10:10:1, and then a 0.5
µL aliquot was applied to a MALDI sample target for analysis. All spectra were obtained
in the positive ion mode utilizing the reflector-mode micro-channel plate detector and are
the sum of 900-1000 shots.
Preparation of Linear Polymers
DAHP-BPA/TEGDPE with and without Copper(I) Catalyst. Samples were
prepared neat, with and without catalyst. DAHP-BPA and TEGDPE were charged to a
20 mL scintillation vial at a 1:1 molar ratio of azide:alkyne, for a total reaction mass of
~0.5 g. Cu(PPh3)3Br was then optionally added at a concentration of 0.3 mol% with
respect to azide functional group equivalents. The samples were then mixed for 5 min on
a cold benchtop inside a fume hood. They were then placed into a horizontal flow
temperature controlled oven and reacted at 70°C for 24 h. This resulted in a highly
viscous material at the bottom of the scintillation vial that, upon cooling, was broken into
small pieces for analysis by NMR. Samples were dissolved in DMSO-d6 and analyzed
for the 1,4 and 1,5-disubtituted triazoles chemical shifts at 8.07 and 7.71 ppm,
respectively.
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DAHP-BPA/TEGDPE with Ruthenium(II) Catalyst. DAHP-BPA and TEGDPE
were charged to a 50 mL round bottom flask equipped with a magnetic stir bar, at a 1:1
molar ratio of azide:alkyne, for a total reaction mass of ~0.5 g. THF (25 mL) was added
to the flask, and after complete solubilization, Cp*RuCl(cod) was added at 5 mol% with
respect to the azide functional group equivalents. A condenser was attached, and the
reaction was protected by a nitrogen bubbler. The reaction was heated to reflux (66°C)
and allowed to react for 24 h, at which time the THF was stripped via rotary evaporation
to yield the final product. Samples were dissolved in DMSO-d6 and analyzed for the 1,4
and 1,5-disubtituted triazoles chemical shifts at 8.07 and 7.71 ppm, respectively.
DAHP-BPA/TEGDP without Catalyst. Samples were prepared neat, without
catalyst. DAHP-BPA and TEGDP were charged to a 20 mL scintillation vial at a 1:1
molar ratio of azide:alkyne, for a total reaction mass of ~0.5 g. The samples were then
mixed for 5 min on a cold benchtop inside a fume hood. They were then placed into a
horizontal flow temperature controlled oven and reacted at 70°C for 24 h. This resulted
in a highly viscous material at the bottom of the scintillation vial that, upon cooling, was
broken into small pieces for analysis by NMR. Samples were dissolved in DMSO-d6 and
analyzed for the 1,4 and 1,5-disubtituted triazoles chemical shifts at 8.07 and 7.71 ppm,
respectively.
Results and Discussion
Thermal Huisgen 1,3-Dipolar Cycloaddition
Figure 48 contains the 1H NMR spectrum of the thermal (no catalyst) step-growth
polymerization product of DAHP-BPA/TEGDPE, in DMSO-d6, with labeled structure.
Protons associated with a 1,4-triazole structure are labeled with a simple lowercase letter;
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while protons associated with a 1,5-triazole structure are labeled with a primed lowercase
letter. Thus, a and a’ denote the triazole ring proton of the 1,4- and 1,5-isomer,
respectively. Integration of peaks a and a’ revealed an almost equimolar isomer ratio of
55 mol% 1,4- and 45 mol% 1,5-triazole linkages, which is reasonable for the thermal
Huisgen 1,3-dipolar cycloaddition carried out at a moderately elevated temperature.
Presumeably, lower temperatures would increase the proportion of the 1,4- isomer.
Proton resonances due to unreacted end groups, denoted by double primed
lowercase letters, were identified by comparison of their chemical shifts to the chemical
shifts observed in the starting monomers. The f’’ signal at 4.15 ppm, assigned to the
methylene protons of the unreacted propargyl group, was the most intense end group
signal observed, suggesting that the unreacted chain ends were predominantly propargyl
as opposed to azide or mixed propargyl plus azide. This interpretation was supported by
the MALDI-TOF MS results discussed later.
Figure 49 shows the 13C NMR spectrum of the DAHP-BPA/TEGDPE system,
with labeled structure. Carbons associated with a 1,4-triazole structure are labeled with a
number; while carbons associated with a 1,5-triazole structure are labeled with a primed
number. Carbons associated with unreacted end groups are labled with a double-primed
number. Thus, the C-H carbons within the triazole ring are labeled 5 and 5’, respectively,
for the 1,4- and 1-5- isomer. These and other assignments were made positively with aid
of the HSQC spectrum, shown in Figure 50, which provides information on carbonproton connectivity.
MALDI-TOF-MS was also performed on these low molecular weight linear
polymers to validate the structure of the material. Figure 51 shows the MALDI-TOF
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mass spectrum of the reaction product from the uncatalyzed DAHP-BPA/TEGDPE
system. The spectrum shows one major distribution, denoted “T-Na,” and several minor
distributions. For the major distribution, a plot of m/z vs. degree of polymerization
resulted in a linear relationship, which yielded by linear regression analysis a slope of
696.31 and a y-intercept of 293.3 Da. This value for the slope is essentially identical to
the exact mass of the theoretical repeating unit for this polymer, C35H48O9N6 = 696.35
Da. Interestingly, the y-intercept or residual value is within 0.2 Da of the exact mass of
TEGDPE monomer plus sodium, C14H22O5Na = 293.14 Da. This indicates that the major
distribution consists of oligomers possessing odd-numbered degrees of polymerization (n
units of DAHP-BPA resin plus n+1 units of TEGDPE) with exclusively progargyl end
groups, associated with sodium cations derived from the cationizing agent. The most
intense of the several minor distributions represents the same series of oligomers
associated with a proton rather than sodium. For this and other MALDI spectra in this
chapter, the various distributions have been labeled according to end group and
associated cation. In this context, “end group” means an odd structural unit based on one
or the other of the two monomers. Thus, oligomers possessing n units of DAHP-BPA
resin plus n+1 units of TEGDPE (or TEGDP) possess a TEGDPE end group and are
labeled with a T, oligomers possessing n+1 units of DAHP-BPA resin plus n units of
TEGDPE (or TEGDP) are labeled with a D, and oligomers possessing even-numbered
degrees of polymerization (equal numbers of diazide and dialkyne structural units) appear
to possess no end group and are labeled with an asterisk (*). The peaks are further
labeled according to the associated cation as H (protonated), Na (sodiated), or K
(potassiated).
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Figure 48. 1H NMR spectrum (DMSO-d6) of the thermal (no catalyst) step-growth
polymerization product of DAHP-BPA/TEGDPE.
With labeled structure and corresponding peaks.
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Figure 49. 13C NMR spectrum (DMSO-d6) of the thermal (no catalyst) step-growth
polymerization product of DAHP-BPA/TEGDPE.
With labeled structure and corresponding peaks.

Figure 50. HSQC spectrum (DMSO-d6) of the thermal (no catalyst) step-growth
polymerization product of DAHP-BPA/TEGDPE.
Showing corresponding proton and carbon correlations.
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Figure 51. MALDI-TOF mass spectrum of the thermal (no catalyst) step-growth
polymerization product of DAHP-BPA/TEGDPE.
Sample was prepared using the dried-droplet method with dithranol as the matrix and sodium trifluoroacetate as the cationizing agent.
Individual peaks of the major distribution (T-Na) are labeled with their measured masses. Three minor distributions are also identified
with regard to end group and associated cation. The exact mass and structure for the repeat unit and the two monomers are also
presented.

Copper(I) Azide Alkyne Cycloaddition
The inclusion of Cu(I) catalyst greatly reduces the activation energy of azide
alkyne cycloaddition, causing some systems to begin reacting at room temperature.70,2
Because the reaction is highly exothermic, it can therefore become autocatalytic77 and
possibly lead to a runaway reaction. In order to prevent this, special precautions were
taken, including: strict limitation of the Cu(I) concentration to no more than 0.3 mol%
with respect to azide groups, slow mechanical mixing of azide and alkyne with the
bottom of the vial touching the hood workbench (acting as a heat sink), and periodic
monitoring of the temperature of the vial (by touch) to determine if heat is building
within the system. When an exotherm was detected, stirring was discontinued, and the
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sample was left in the fume hood to either equilibrate to room temperature, or to react
fully in such a manner that all fumes produced were contained.
Figure 52 shows the 1H NMR spectrum of the step-growth polymerization
product of DAHP-BPA/TEGDPE, catalyzed with 0.3 mol% Cu(PPh3)3Br, relative to
azide groups, with labeled structure. The spectrum clearly shows that utilizing copper(I)
caused the cycloaddition to become stereospecific for the 1,4-regioisomer; in fact, the
1,5-regioisomer was almost completely eliminated as evidenced by almost complete
disappearance of the a’ peak. Integration of the a and a’ peaks yielded a ratio of 93/7
(mol/mol) of the 1,4- and 1,5-regioisomers, respectively. The overwhelmingly
preponderance of the 1,4-triazole was also evident from the peak ratio d/d’ and f/f’. Also
noteworthy in the spectrum is the almost total absence of peaks due to unreacted end
groups, particularly the f” peak. In contrast to the thermal reaction of the previous
section, where all azide was consumed but alkyne remained, the Cu(I) catalyzed process
resulted in a more ideal one-to-one depletion of azide and alkyne. It is unlikely that the
thermal reaction was formulated improperly (excess alkyne through experimental error);
rather, the thermal reaction occurred more slowly, allowing more time for attritional loss
of azide due to decomposition at the reaction temperature.
The 13C NMR spectrum of the DAHP-BPA/TEGDPE system catalyzed with
copper(I) is shown in Figure 53. Compared to the 13C spectrum of the thermally
polymerized product (Figure 49), Figure 53 shows considerably fewer peaks, and in
particular, the nearly complete absence of peaks associated with the 1,5-regioisomer
(single prime numbers) and with end groups (double prime numbers). The absence of
both azide and alkyne end groups again suggests high conversion and preservation of the
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stoichiometric balance between azide and alkyne groups. Since the spectrum in Figure
53 provided positive identification of peaks characteristic of the 1,4-regioisomer only, it
was useful in identifying assignments in the more complicated spectrum of the thermal
(mixed-isomer) product (Figure 49).
Figure 54 shows the MALDI-TOF mass spectrum of the reaction product of the
DAHP-BPA/TEGDPE system catalyzed with copper(I). The spectrum shows two major
distributions of nearly equal intensity and several minor distributions. The most intense
distribution, labeled T-Na, is identical to the major distribution observed earlier in Figure
51, and thus represents oligomers possessing odd numbered degrees of polymerization (n
units of DAHP-BPA resin plus n+1 units of TEGDPE) with exclusively progargyl end
groups, and associated with sodium cations. The other major distribution consists of
oligomers possessing even numbered degrees of polymerization (n units of DAHP-BPA
plus n units of TEGDPE) carrying one azide and one propargyl end group, and associated
sodium cation. The other possible configuration, i.e., oligomers possessing odd
numbered degrees of polymerization with DAHP-BPA units at each end, is present in the
spectrum but at much lower abundance. In fact, every possible combination of oligomer
configuration and cation (sodium, potassium, proton) is observed in this spectrum.
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Figure 52. 1H NMR spectrum of the step-growth polymerization product of DAHPBPA/TEGDPE, catalyzed with copper(I).
Catalyzed with 0.3 mol% of Cu(PPh3)3Br relative to azide groups, in DMSO-d6, with labeled structure and corresponding peaks.
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Figure 53. 13C NMR spectrum of the step-growth polymerization product of DAHPBPA/TEGDPE, catalyzed with copper(I).
Catalyzed with 0.3 mol% of Cu(PPh3)3Br relative to azide groups, in DMSO-d6, with labeled structure and corresponding peaks.

Figure 54. MALDI-TOF mass spectrum of the step-growth polymerization product of
DAHP-BPA/TEGDPE catalyzed with copper(I).
Catalyzed with 0.3 mol% of Cu(PPh3)3Br relative to azide groups. Sample was prepared using the dried-droplet method with dithranol
as the matrix and sodium trifluoroacetate as the cationizing agent. Individual peaks of the most intense distribution (T-Na) are labeled
with their measured masses. Various other distributions are also identified with regard to end group and associated cation.
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Ruthenium(II) Azide Alkyne Cycloaddition
Ruthenium(II) azide-alkyne cycloaddition has so far only been reported as a
solution process.3,75,76 This study was an opportunity to explore its use for the first time
in a bulk system, to selectively produce the 1,5-regioisomer. However, when used in the
bulk at 70°C, only the thermal reaction was observed, as evidenced by the formation of a
typical 55/45 (mol/mol) 1,4/1,5 regioisomer mixture. This appeared to be due to lack of
solubility of the catalyst complex in the bulk resin, and so the reaction was attempted in
THF solution at reflux (66°C) for 24 h, using 5 mol% Cp*RuCl(cod), with respect to
azide. Figure 55 shows the 1H NMR spectrum of the resulting DAHP-BPA/TEGDPE
polymer. It is evident that the 1,5-regioisomer is favored; the integration ratio of the a
and a’ peaks showed that the ruthenium catalyst produced a 5.6/94.4 (mol/mol) 1,4/1,5
regioisomer mixture.
The 13C NMR spectrum of the DAHP-BPA/TEGDPE system catalyzed with
ruthenium(II) is shown in Figure 56. The spectrum is nearly devoid of peaks associated
with the 1,4-regioisomer, as expected based on the 1H NMR spectrum. It also
prominently features peaks due to unreacted propargyl and azide end groups (doubleprime numbers). The presence of both azide and alkyne end groups suggests preservation
of the stoichiometric balance between azide and alkyne groups, i.e., relatively low
attritional loss of azide; although the relative prominence of these peaks may indicate
lower reaction conversion under these conditions with ruthenium(II).
Figure 57 shows the MALDI-TOF mass spectrum of the reaction product of the
DAHP-BPA/TEGDPE system catalyzed with 5 mol% Cp*RuCl(cod), with respect to
azide. The spectrum is similar to the spectrum obtained with the copper(I) catalyzed
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system, and it shows one major distribution, and several minor distributions. The major
distribution is the same oligomer series observed in the previous systems (T-Na),
possessing odd numbered degrees of polymerization, TEGDPE units on both ends of the
chain, and sodium cations. The most intense minor distribution (*Na) consists of
oligomers possessing even numbered degrees of polymerization (n units of DAHP-BPA
plus n units of TEGDPE) and sodium cations. The second most intense minor
distribution consists of oligomers possessing odd numbered degrees of polymerization
(n+1 units of DAHP-BPA plus n units of TEGDPE) with sodium cations. Similar to the
spectrum of the Cu(I)-catalyzed sample, this mass spectrum contains every possible
combination of oligomer configuration and cation (sodium, potassium, proton), and of the
three possible oligomer configurations, the oligomer possessing DAHP-BPA units on
both ends is the least abundant.

94

Figure 55. 1H NMR spectrum, with labeled structure and corresponding peaks, of the
step-growth polymerization product of DAHP-BPA/TEGDPE, catalyzed with
ruthenium(II)
Reacted in the presence of 5 mol% of Cp*RuCl(cod) relative to azide groups, at 66°C in THF solution for 24 h.
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Figure 56. 13C NMR spectrum, with labeled structure and corresponding peaks, of the
step-growth polymerization product of DAHP-BPA/TEGDPE, catalyzed with
ruthenium(II).
Reacted in the presence of 5 mol% of Cp*RuCl(cod) relative to azide groups, at 66°C in THF solution for 24 h.
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Figure 57. MALDI-TOF mass spectrum of the step-growth polymerization product of
DAHP-BPA/TEGDPE, catalyzed with ruthenium(II).
Reacted in the presence of 5 mol% of Cp*RuCl(cod) relative to azide groups, at 66°C in THF solution for 24 h. Sample was prepared
using the dried-droplet method with dithranol as the matrix and sodium trifluoroacetate as the cationizing agent. Individual peaks of
the most intense distribution (T-Na) are labeled with their measured masses. Various other distributions are also identified with regard
to end group and associated cation.

DAHP-BPA/TEGDP
As a comparative system, the DAHP-BPA resin was polymerized with a
dipropiolate monomer (TEGDP). In TEGDP, the alkyne is adjacent to an electron
withdrawing carbonyl group, which dramatically increases the overall rate of
cycloaddition and favors the rate constant for 1,4-isomer formation, k(1,4) in comparison
to k(1,5).1 This results in the preferential production of the 1,4-regioisomer, and the
overall higher reactivity of the propiolate allows reaction at room temperature.78
Previous work by Gorman68 showed that copper(I) catalysis of the azide/propiolate
reaction was ineffective; presumably the uncatalyzed reaction is as fast as or faster than
the catalyzed reaction. Thus only the thermal, uncatalyzed DAHP-BPA/TEGDP system
was studied.
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Figure 58 contains the 1H NMR spectrum of the thermally cured DAHPBPA/TEGDP system with labeled structure. Integration of peaks a and a’ indicated an
isomer ratio of 85/15 (mol/mol) 1,4/1,5. This is an increase in regioselectivity compared
to the 55/45 ratio observed for the less reactive propargyl alkyne cured thermally. The 1H
NMR spectrum also shows few, if any, end group signals, i.e., double prime peaks (x”),
indicating high conversion.
Figure 59 shows the 13C NMR spectrum of the DAHP-BPA/TEGDP system with
labeled structure. The 13C NMR spectrum also shows a preponderance of 1,4-triazole
linkages and a paucity of unreacted end groups. HSQC spectroscopy, with the resultant
spectrum shown in Figure 60, was also performed to validate peak assignments of the
polymerized system.
Figure 61 shows the MALDI-TOF mass spectrum of the reaction product of the
uncatalyzed DAHP-BPA/TEGDPE system. The spectrum shows one major distribution
and several minor distributions. For the major distribution, a plot of m/z vs. degree of
polymerization resulted in a linear relationship, which yielded by linear regression
analysis a slope of 724.30 and a y-intercept of 23.00 Da. This value for the slope is
essentially identical to the exact mass of the theoretical repeating unit for this polymer,
C35H44O11N6 = 724.31 Da, and the y-intercept value is within 0.1 Da of the exact mass of
sodium, Na = 22.99 Da. This indicates that the major distribution consists of oligomers
possessing even numbered degrees of polymerization (n units of DAHP-BPA resin plus n
units of TEGDP), plus associated sodium cation. The most intense of the several minor
distributions represents the same series of oligomers associated with a proton rather than
sodium.
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Figure 58. 1H NMR spectrum (DMSO-d6) of the thermal (no catalyst) step-growth
polymerization product of DAHP-BPA/TEGDP.
With labeled structure and corresponding peaks.
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Figure 59. 13C NMR spectrum (DMSO-d6) of the thermal (no catalyst) step-growth
polymerization product of DAHP-BPA/TEGDP.
With labeled structure and corresponding peaks.
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Figure 60. HSQC spectrum (DMSO-d6) of the thermal (no catalyst) step-growth
polymerization product of DAHP-BPA/TEGDP.
Showing proton and carbon correlations.

Figure 61. MALDI-TOF mass spectrum of the thermal (no catalyst) step-growth
polymerization product of DAHP-BPA/TEGDP.
Sample was prepared using the dried-droplet method with dithranol as the matrix and sodium trifluoroacetate as the cationizing agent.
Individual peaks of the major distribution (*Na) are labeled with their measured masses. Several minor distributions are also
identified with regard to end group and associated cation.
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Conclusions
This work involved extensive NMR and MALDI-TOF-MS analysis of the stepgrowth polymerization products of the diazido resin, DAHP-BPA, with a dipropargyl
monomer, TEGDPE, or a dipropiolate monomer, TEGDP. It was shown that a highly
reactive alkyne (propiolate) or a neutral alkyne (propargyl) in conjunction with an
appropriate catalyst, can be used to produce highly 1,4- or 1,5-disubstituted triazole
linkages with the DAHP-BPA resin system. Samples with a neutral alkyne (propargyl
group) cured thermally (70°C) produced an almost equimolar mixture (55/45) mixture of
the 1,4- and 1,5-regioisomers; however, residual alkyne end groups were detected in both
NMR and MALDI-TOF analysis, suggesting attritional loss of azide groups during
reaction. With the inclusion of copper(I), the system showed a regioselectivity of 93/7 at
70°C and few residual end groups, suggesting a more controlled one-to-one depletion of
azide and alkyne groups. Attempts to utilize ruthenium(II) as the catalyst in the bulk
system did not produce a catalyzed reaction due apparently to insolubility of the catalyst
in DAHP-BPA resin. Solution polymerization in THF at reflux (66°C) was successful in
terms of a catalyzed reaction, the regioselectivity was observed to be 5.6/94.4 in favor of
the 1,5-regioisomer.
When an electron withdrawing group was placed adjacent to the alkyne group,
i.e., when a propiolate was used, a high reaction rate was obtained as evidenced by high
conversion of both azide and alkyne, and the regioselectivity switched in favor of the 1,4regioisomer, resulting in a ratio of 85/15 for the 1,4-/1,5-regioisomers. Thus, use of an
alkyne containing an electron withdrawing group adjacent to the triple bond, could allow
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one to avoid any metal catalyst in the system, and still obtain useful rates and
regioselectively, at least toward the 1,4-regioisomer.
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CHAPTER V – SYNTHESIS AND THIOL-ENE PHOTOPOLYMERIZATION OF
(METH)ALLYL-TERMINATED POLYSULFIDES
Introduction
In the sealant industry, liquid polysulfides (commercially known as ThiokolTM
Polysulfide Liquid Polymer) are of great technological importance.79 These materials are
low molecular weight, mercaptan (thiol)-terminated prepolymers, produced by step
polymerization of primary alkyl halides with sodium polysulfide in aqueous alkali. The
principal chain-forming dihalide is usually bis-(2-chloroethyl)formal, and many grades
also include up to 2% 1,2,3-trichloropropane as a branching monomer.
The first reported aliphatic polysulfide was produced from aliphatic-alkylene
derivatives and inorganic polysulfides in 1839.80 This was shortly followed by the
development of the first synthetic rubber, involving the reaction of ethylene dichloride
and potassium sulfide.81 Berzelius expanded on this new synthetic route by examining
the effect of ethylene dichloride on potassium sulfide.82 The first patent of the synthetic
rubber developed by this ethylene dichloride and potassium sulfide reaction was
published in 1926.83 The next advancement occurred when Patrick attempted to make
diethylene glycol by reacting 1,2-dichloroethane with sodium polysulfide, i.e. Na2S4; this
resulted in an opaque material similar to coagulated natural rubber.84
Thiol-terminated polysulfides must be crosslinked to achieve the properties
necessary for commercial applications. This is accomplished by the chemical oxidation
of the mercaptan groups by inorganic and peroxide catalysts.85 The most effective curing
agent is manganese dioxide, which converts thiol termini into thiyl radicals that dimerize
allowing for chain extension and crosslinking of the polysulfide.86,87 The main use of
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polysulfide sealants is in the insulated glass industry, due to the material’s high resistance
to sunlight.88,89,90 They are also used as sealants in fuel tanks due to outstanding
resistance to hydrocarbons.91 Adhesion promoters are sometimes incorporated into
polysulfides to broaden the range of substrates to which they may be applied.92 Cured
polysulfides also have been used in rocket propellants,93 dentistry applications,94 and as
additives to existing formulations.95
Like any other polymer, polysulfides are susceptible to degradation, a
phenomenon most apparent in polysulfides containing functional groups such as ethers or
double bonds.96 Mahon and coworkers investigated the mechanism for degradation of
polysulfides and found that they degrade via one of two pathways: photoautoxidation97 or
photohydrolysis.98 When manganese dioxide is used to cure the polysulfide, degradation
is slowed due to the oxide acting as a light filter.98 Other stabilizers, such as HALS
(hindered amine light stabilizer), can also be added to polysulfides to minimize
degradation.99
End group modification of polysulfides has been utilized to increase their
versatility as sealants, additives, etc. Early examples of polysulfide modification
involved transformation of the mercaptan end groups to epoxy100 and isocyanate.101
Later Hughes reported acrylate-terminated polysulfides that unfortunately gave
undesirable properties when photocured.102 These issues were circumvented by
increasing the molecular weight of the virgin polysulfide prior to acrylate modification.79
These formulations created a low-shrinkage film with better scratch resistance, speed of
cure, and shore hardness than virgin polysulfides cured oxidatively.79 Caddy and Kemp
functionalized polysulfides with acetyl, cinnamoyl, benzoyl, naphthaloyl, oxalyl, p105

toluene sulfonyl, terephthaloyl, 1,3,5-benzene tricarbonyl, and methylvinylsilyl groups to
produce photocurable sealants.79
This chapter involves the introduction of terminal alkene groups onto
polysulfides, thereby enabling them to be cured via the radical thiol-ene reaction. The
latter reaction, which lately has gained tremendous popularity as a so-called “Click”
reaction, will here be briefly introduced. The reaction between thiols and alkenes has
been around since 1905.26 It involves the hydrothiolation of an alkene double bond to
form the anti-Markovnikov addition product. Hydrothiolation can proceed by multiple
pathways,27,28,29 but this dissertation will focus on the radical pathway.30 A wide range of
alkenes are suitable for this reaction, but alkene reactivity via the radical mechanism
usually decreases with the reduction of electron density at the double bond.31 Though
there are exceptions, alkenes that are substituted at the internal carbon produce a tertiary
carbon centered radical when reacted with a thiyl radical; this allows for higher radical
stability and results in a lower rate of hydrogen abstraction (lowering reactivity towards
the thiol-ene reaction).31 Almost any thiol can be used, but reactivity decreases with
increasing S-H bond strength.31 The many advantages of the thiol-ene reaction are that
the reaction is usually complete within a matter of seconds, without any added external
heat, in the presence of moisture and air, and produces regioselective thioethers in a near
quantitative yield.31
In recent years, thiol-ene reactions have been increasingly conducted under
photochemically induced radical conditions.30,32 The mechanism for UV-induced thiolene reaction is shown in Figure 62. Initiation occurs when a photoinitiator is irradiated
with light and abstracts a hydrogen from a thiol to produce a thiyl radical. The thiyl
106

radical then attacks the alkene double bond to produce a carbon-centered radical. Chain
transfer then occurs between the carbon-centered radical and another thiol to produce the
thiol-ene product, and another thiyl radical, which continues the cycle.31 The reaction
produces the anti-Markovnikov product unless radical-radical coupling occurs.

Figure 62. The mechanism for UV-induced thiol-ene in the presence of photoinitiator.31
This chapter describes a facile synthetic route to (meth)allyl terminated
polysulfides. The targeted materials are photocurable and designed to be co-reacted with
low molecular weight (monomeric) polythiols and/or Thiokol™ Polysulfide Liquid
Polymer via radical thiol-ene polymerization. Maximizing the polysulfide content of the
thiol component should allow retention of the excellent hydrocarbon solvent resistance of
traditional, oxidatively cured polysulfides. These materials offer the advantage of
extended working time in sealant applications, with a triggered cure upon application of
UV light.
Experimental
Materials
N,N-Dimethyl formamide (DMF) (≥99.8%), dichloromethane (DCM) (99.9%),
anhydrous magnesium sulfate (MgSO4), and sodium hydroxide (NaOH) were purchased
from Fisher Scientific and used as received. Tetrabutylammonium bromide (TBAB)
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(99%), 4-methoxyphenol (MEHQ) (≥98.0%), tetrahydrofuran (THF) (anhydrous, 99.9%),
allyl bromide (≥98.0%), pentaerythritol tetrakis(3-mercaptopropionate) (PETMP)
(>95%), 2,2-dimethoxy-2-phenyl-acetophenone (99%) (DMPA), and chloroform-d
(CDCl3) were purchased from Sigma-Aldrich and used as received. Thiokol™ LP-56,
Polysulfide Liquid Polymer (average MW = 3,000 g/mol and mercaptan content = 2.02.5%, according to the manufacturer), was obtained from Toray Industries, Inc.
Thiokol™ LP-3 (average MW = 1,000 g/mol and mercaptan content = 5.9-7.7%), was
obtained from Morton International.
Instrumentation
Nuclear magnetic resonance (NMR) spectra were obtained using a 300 MHz
Varian Mercuryplus NMR (VNMR 6.1C) spectrometer. Sample concentrations were
approximately 25% (w/v) in CDCl3 containing 1% TMS as an internal reference, and the
resulting solution was charged to a 5 mm NMR tube. A T1 experiment was performed
on both ThiokolTM polymers, and the longest relaxation time was shown to be 5 s.
Quantitative 1H NMR spectral data were thus obtained using a pulse delay of 25s; a 7.8
µs pulse corresponding to a 45 degree flip angle, and an acquisition time of 1.998 s. The
number of scans acquired for each sample was 32. All shifts were referenced
automatically by the software (VNMR 6.1C) using the resonance frequency of TMS
(0ppm) in CDCl3. Carbon spectra were obtained using a Varian Mercury NMR
spectrometer operating at a frequency of 75.5 MHz for carbon. Typical acquisition
parameters were a 1 sec recycle delay, a 7.8 ms pulse width corresponding to a 45 degree
flip angle, and an acquisition time of 1.8 secs. The number of scans acquired for each
sample was 256. Composite pulse decoupling was used to remove proton coupling, and
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all shifts were referenced either automatically by the software (VNMR 6.1C) or manually
using the resonance frequency of CDCl3 (77.0 ppm). Heteronuclear single-quantum
correlation (HSCQ) spectra were acquired on a Varian Mercury 300 spectrometer
operating at a frequency of 300.15 MHz for proton. The acquisition parameters were as
follows: The recycle delay was 25s, the 90° pulse width was 14.2 µs, the 1H sweepwidth
was 9.8 ppm, the 13C sweepwidth was 170 ppm, and the acquisition time was 170 µs.
The number of t1 increments was 400 with 4 scans per increment. States-Haberkorn
phase cycling was used to obtain phase sensitive data. An additional 600 points were
added to the F1 dimension via linear prediction. Both t1 and t2 were zero-filled to 4096
and 1024 data points and apodized using a Gaussian function prior to Fourier
transformation.
Number-average molecular weights (Mn) and polydispersities (PDI = Mn/Mw)
were determined using a gel-permeation chromatography (GPC) system consisting of a
Waters Alliance 2695 separations module, an online multi-angle laser light scattering
(MALLS) detector fitted with a gallium arsenide laser (power: 20 mW) operating at 658
nm (miniDAWNTREOS, Wyatt Technology Inc.), an interferometric refractometer
(Optilab rEX, Wyatt Technology Inc.) operating at 35°C and 658 nm, and two PLgel
(Polymer Laboratories Inc.) mixed E columns (pore size range 50-103 Å, 3 mm bead
size). Freshly distilled THF served as the mobile phase and was delivered at a flow rate
of 0.5 mL/min. Sample concentrations were ca. 15-20 mg of polymer/mL of THF, and
the injection volume was 100 µL. The detector signals were simultaneously recorded
using ASTRA software (Wyatt Technology Inc.), and absolute molecular weights were
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determined by MALLS using a dn/dc calculated from the refractive index detector
response assuming 100% mass recovery from the columns.
Kinetic data for the thiol-ene reaction were obtained using real time FTIR (RTFTIR) spectroscopy by monitoring peak area relative to a two-point baseline of the
alkene absorbance at 3,050-3,100 cm-1 and/or the mercaptan absorbance at 2,500-2,600
cm-1. RT-FTIR data were acquired using a Nicolet 8700 spectrometer with a KBr beam
splitter and a DTGS detector with a 320-500 nm filtered ultraviolet light source. Each
sample (~30 mg) was sandwiched between two NaCl plates (25 mm x 4 mm) and
exposed to UV light with an intensity of 30 mW/cm2. A series of scans were recorded,
where spectra were taken approximately 1 scans/s with a resolution of 4 cm-1.
Differential scanning calorimetry (DSC) was performed on cured samples using a
Q200 (TA Instruments) differential scanning calorimeter. An inert furnace atmosphere
was maintained using a 50 mL/min dry nitrogen purge. Samples consisted of 2-5 mg of
UV-cured film and were charged to a standard, capped aluminum DSC pan. Each pan
was subjected to the same heating profile: the sample was equilibrated at -90°C for 2
min, and then the temperature was ramped at 10°C/min to 100°C. The sample was then
ramped down at 10°C/min from 100°C to -90°C. The sample was then ramped back up
to 100°C at 10°C/min to determine the Tg of a fully cured system. Tg of the cured
material was determined from the second heating cycle, and TA Universal Analysis was
used to determine the midpoint of the Tg inflection as the reported value.
Preparation of (Meth)Allyl-Terminated Polysulfides
Allyl and methallyl-terminated polysulfides were prepared by reaction of allyl and
methallyl bromide, respectively, with ThiokolTM Polysulfide Liquid Polymer (Figure 63);
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the following procedure for synthesis of allyl-terminated polysulfide from ThiokolTM LP56 is representative. A 100 mL round bottom flask was charged with NaOH (0.583 g,
0.0146 mol), TBAB (0.404 g, 1.25 mmol), MEHQ (0.020 g, 0.16 mmol), DI water (10
mL), Thiokol LP-56 (10.336 g, 3.44 mmol), and DMF (50 mL). The flask was fitted with
a magnetic stir-bar, a reflux condenser, and a nitrogen bubbler, and placed in a preheated
oil bath at 45 °C. Allyl bromide (1.690 g, 13.97 mmol) was added dropwise to the
solution. After complete addition of allyl bromide, the reaction was heated to 60 °C for 3
h. The reaction contents were cooled to room temperature and transferred to a 250 mL
separatory funnel using 50 mL of dichloromethane (DCM) for rinsing. The contents were
shaken and allowed to separate, and the DCM layer was collected. The contents were
then extracted two additional times with DCM (50 mL), and the combined DCM extracts
were washed with DI water (3 x 50 mL) and dried over MgSO4. The MgSO4 was
separated by filtration, and the DCM was removed by rotary evaporation to yield the final
product.
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Figure 63. Allyl functionalization of Thiokol LP-56 with allyl bromide and NaOH in
DMF.
Preparation of Films
Cured films were produced from the modified polysulfides by UV irradiation of
mixtures of the alkene-terminated resin with PETMP, or varying molar ratios of
PETMP:Thiokol LP-3 (3:1, 1:1, 1:3) at an overall molar ratio of 1:1 alkene:thiol. DMPA
was used as photoinitiator at 5 wt%, and each system was warmed with agitation prior to
photopolymerization to ensure full dissolution of PETMP and DMPA in the polysulfide
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prepolymer. Approximately 300 mg of the formulated mixture was then sandwiched
between two pre-coated (Rain-X) glass slides separated by two Teflon spacers (thickness
= 0.7 mm), and the assembly was clamped together to attain a constant thickness for the
film. Samples were then irradiated with 30 mW/cm2 UV light for 10 min.
Results and Discussion
Thiol terminated polysulfide (Thiokol™ LP precursor)
Two grades of Thiokol™ Polysulfide Liquid Polymer, LP-56 and LP-3, were
chosen for this investigation. Both are produced from bis-(2-chloroethyl)formal as the
primary backbone-forming monomer. According to the manufacturer, LP-3 contains 2
mol% trichloropropane (TCP) and is thus branched; it has an average molecular weight
of 1,000 g/mol. LP-56 contains no TCP, and is therefore theoretically linear, and has an
average molecular weight of 3,000 g/mol. Based on this information, the expected
structure of Thiokol LP-56 and LP-3 is shown in Figure 64, for purposes of NMR peak
assignments, the various carbons and protons of the structure have been labeled with
numbers and letters, respectively. Figure 65 shows the 1H NMR spectrum of Thiokol LP56. It consists of three major peaks representing the formal methylene group (a) and the
two methylene groups of the –O-CH2CH2-S-S- linkage (b) (adjacent to oxygen) and (c)
(adjacent to disulfide). The triplet at 1.6 ppm is assigned to the terminal SH proton (d).
The singlet present at 1.75 ppm is of unknown origin, but this peak is apparently
characteristic of ThiokolTM polysulfides and can be seen, for example, in 1H NMR
spectra obtained by Mahon.19 The multiple small peaks between 2.65-2.86 ppm include a
triplet centered at about 2.8 ppm due to the penultimate (e) methylene protons and a
complex multiplet centered at about 2.7 ppm due to the ultimate (f) methylene protons
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adjacent to the SH terminal group. The a:d peak intensity ratio, 37.64:2.00, predicts a
number average degree of polymerization (DP) of 18.8, assuming the molecules to be
difunctional with respect to mercaptan groups. Similar calculations applied to the b:d and
c:d peak ratios resulted in calculated DPs of 20.0 and 19.0. The average DP value (19.3)
along with the repeat unit molecular weight of 166 g/mol, yields a number average
molecular weight of 3.20 kg/mol, which is nearly equal to the molecular weight reported
for this material by the manufacturer.

Figure 64. Thiokol LP-56 and LP-3 structure.
With carbon atoms (numbers) and protons (letters) labeled according to NMR peak assignments.

Figure 65. 1H NMR spectrum (300 MHz, CDCl3, 23°C) of Thiokol LP-56.
Peak labels (letters) refer to the structure in Figure 64.

The 1H NMR spectrum of Thiokol LP-3 is similar to that of Thiokol LP-56
(Figure 66).
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Figure 66. 1H NMR spectrum (300 MHz, CDCl3, 23°C) of Thiokol LP-3.
Peak labels (letters) refer to the structure in Figure 64.

Figure 67 shows the 13C NMR spectrum of Thiokol LP-56. It consists of three
major peaks representing the formal methylene carbon (3) and the two methylene carbons
of the –O-CH2CH2-S-S- linkage, (2) (adjacent to oxygen) and (1) (adjacent to disulfide).
Peaks upfield from peak 1 represent the ultimate (5) and penultimate (4) methylene
carbons. The peak assignments in Figures 65 and 67 are supported by the 2-D HSQC
spectrum of Thiokol LP-56 (Figure 68), which provides information regarding proton
carbon connectivity within the molecule.
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Figure 67. 13C NMR spectrum (75 MHz, CDCl3, 23°C), of Thiokol LP-56.
Peak labels (numbers) refer to the structure in Figure 64.
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Figure 68. HSQC spectrum of Thiokol LP-56 correlating 1H NMR with 13C NMR.
1

H and 13C NMR chemical shift data for LP-56 polysulfide precursor are listed in

Table 9.
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Table 9
1

H and 13C Chemical Shift Data for Thiokol LP-56 Precursor and Allyl- and Methallyl

Derivatives

1

13

H

C

Peak
a
b
c
d
e
f

ppm
4.73
3.83
2.92
1.58
2.79
2.72

Peak
1
2
3
4
5
-

Ppm
38.86
66.20
95.53
32.32
24.70
-

a
b
c
e
f
g
h
i

4.73
3.83
2.92
2.79
2.68
3.16
5.78
5.09

1
2
3
4
5
6
7
8

38.82
66.15
95.47
32.26
30.24
35.09
117.53
134.31

1

Peak
a
b
c
e
f
g
h
i
-

13

H

C

ppm
4.73
3.83
2.92
2.79
2.63
3.14
1.82
4.83
-

Peak
1
2
3
4
5
6
7
8
9
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Ppm
38.89
66.23
95.56
32.35
30.50
39.71
113.95
141.28
20.76

Allyl Terminated Polysulfide
LP-56 and LP-3 polysulfides were modified to carry terminal alkene
functionality, allyl or methallyl, by reaction of the mercaptan end groups with allyl
bromide or methallyl bromide, respectively. Figure 69 shows the expected structure of
allyl functionalized Thiokol LP-56 and LP-3; for purposes of NMR peak assignments, the
various carbons and protons of the structure have been labeled with numbers and letters,
respectively. Figure 70 shows the 1H NMR spectrum of allyl-functionalized Thiokol LP56. The spectrum clearly shows that the reaction occurred as indicated by the
disappearance of the SH proton (d) and the appearance of peaks g, h, and i, assigned to
the protons of the newly attached allyl group. Loss of the mercaptan proton simplifies
the splitting pattern observed for the ultimate methylene protons (f). In the spectrum of
the precursor (Figure 65), this peak was a complex multiplet; in the spectrum of the allylterminated product; it is resolved into a clean triplet centered at 2.68 ppm. A second
triplet at 2.79 ppm represents the penultimate methylene group (e). Integrated areas of
the various peaks are also shown in Figure 70. The protons labeled g, h, and i should
theoretically display an intensity ratio of 2:1:2; the integrated peak intensities were found
to be exactly 4.00:2.00:4.00. Moreover, the intensity ratios a:h and b:h are 18.9 and 40.0,
indicating that the allyl functionality of the product molecule is essentially identical to the
mercaptan functionality of the precursor.

Figure 69. Allyl-functionalized Thiokol LP-56 and LP-3 structure.
With carbon atoms (numbers) and protons (letters) labeled according to NMR peak assignments.
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Figure 70. 1H NMR spectrum (300 MHz, CDCl3, 23°C) of allyl-functionalized Thiokol
LP-56.
Peak labels (letters) refer to the structure in Figure 69.

The 1H NMR spectrum of allyl-functionalized Thiokol LP-3 is similar to that of
Thiokol LP-56 (Figure 71).
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Figure 71. 1H NMR spectrum (300 MHz, CDCl3, 23°C) of allyl-functionalized Thiokol
LP-3.
Peak labels (letters) refer to the structure in Figure 69.

Figure 72 shows the 13C NMR spectrum of the allyl functionalized Thiokol LP56. It consists of three major peaks representing the formal methylene carbon (3) and the
two methylene carbons of the –O-CH2CH2-S-S- linkage: (2) (adjacent to the oxygen) and
(1) (adjacent to disulfide). Peaks upfield from carbon (1) include the ultimate (5) and
penultimate (4) methylene carbons and the peak for the saturated methylene carbon of the
allyl group (6). The olefinic carbons of the allyl group, terminal methylene (7) and
internal methine (8), are found downfield of the formal methylene carbon. The peak
assignments in Figures 70 and 72 are supported by the 2-D HSQC NMR spectrum of
allyl-functionalized Thiokol LP-56 (Figure 73), which provides information regarding
proton carbon connectivity within the molecule.
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Figure 72. 13C NMR spectrum (75 MHz, CDCl3, 23°C) of the allyl-functionalized
Thiokol LP-56.
Peak labels (numbers) refer to the structure in Figure 69.
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Figure 73. HSQC spectrum of allyl functionalized Thiokol LP-56 correlating 1H NMR
with 13C NMR.
Methallyl Terminated Polysulfide
Figure 74 shows the expected structure of the methallyl functionalized Thiokol
LP-56 and LP-3; for purposes of NMR peak assignments, the various carbons and
protons of the structure have been labeled with numbers and letters, respectively. Figure
75 shows the 1H NMR spectrum of methallyl-functionalized Thiokol L-56, with peak
integrations. The spectrum clearly shows that the reaction occurred as indicated by the
disappearance of the SH proton (d) and the appearance of peaks g, h, and i, assigned to
the protons of the newly attached methallyl group. As with the allyl-functionalized
material, two clean triplets now are visible in the 2.6-2.8 ppm region. The new triplet
(the more upfield of the two) (f) represents the ultimate methylene group bonded to the
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sulfur atom that carries the methallyl group. The more downfield triplet represents the
penultimate methylene group (e). The protons labeled g and h should theoretically
display an intensity ratio of 2:3; the experimentally observed ratio was 2.04:3. And, the
intensity ratios a:h and b:h are 6.5 and 13.0, indicating that the methallyl functionality of
the product molecule is essentially identical to the mercaptan functionality of the
precursor.

Figure 74. Structure of methallyl functionalized Thiokol LP-56 and LP-3.
With carbon atoms (numbers) and protons (letters) labeled according to NMR peak assignments.

Figure 75. 1H NMR spectrum (300 MHz, CDCl3, 23°C) of the methallyl-functionalized
Thiokol LP-56.
Peak labels (letters) refer to the structure in Figure 74.

The 1H NMR spectrum of methallyl-functionalized Thiokol LP-3 is similar to that
of Thiokol LP-56 (Figure 76).
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Figure 76. 1H NMR spectrum (300 MHz, CDCl3, 23°C) of the methallyl-functionalized
Thiokol LP-3.
Peak labels (letters) refer to the structure in Figure 74.

Figure 77 shows the 13C NMR spectrum of the methallyl functionalized Thiokol
LP-56. It consists of three major peaks representing the formal methylene carbon (3) and
the two methylene carbons of the –O-CH2CH2-S-S- linkage: (2) (adjacent to the oxygen)
and (1) (adjacent to disulfide). Peaks upfield from carbon (1) represent the ultimate (5)
and penultimate (4) methylene carbons, and the methyl carbon (9) of the methallyl group.
The olefinic carbons of the methallyl group, terminal methylene (7) and internal methine
(8), are found downfield of the formal methylene carbon. Finally, the peak for the
saturated methylene carbon of the methallyl group (6), is located just downfield of the
CH2-S-S backbone carbon (1). A 2-D HSQC spectrum of methallyl-functionalized
Thiokol LP-56 is shown in Figure 78.
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Figure 77. 13C NMR spectrum (75 MHz, CDCl3, 23°C) of the methallyl-functionalized
Thiokol LP-56.
Peak labels (numbers) refer to the structure in Figure 74.

Figure 78. HSQC of methallyl functionalized Thiokol LP-56 correlating 1H NMR with
13
C NMR.
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Gel Permeation Chromatography (GPC)
GPC traces of the Thiokol LP-56 precursor, allyl-functionalized LP-56, and
methallyl-functionalized LP-56 are shown in Figure 79. The two modified polysulfides
show no increase in molecular weight, as expected, but more importantly show no
evidence of disulfide formation (oxidation) that would result in the doubling of the
molecular weight by chain extension. There is also no broadening of the peaks to suggest
any degradation of the polysulfide backbone. Both functionalized Thiokols do show a
decrease in molecular weight which is unexpected. This may be explained by oxidation
of the ThiokolTM LP-56 leading to an increase in molecular weight of the ThiokolTM LP56. GPC traces of the LP-3 polymers are provided in Figure 80. Unlike the LP-56
polymers, there is little effect on molecular weight, which validates that disulfide bonds
aren’t forming and degradation is not occurring. GPC results are listed in Table 10 for all
six of the precursors.

Figure 79. GPC results for the Thiokol LP-56, allyl functionalized Thiokol LP-56, and
methallyl Thiokol LP-56.
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Figure 80. GPC results for the Thiokol LP-3, allyl functionalized Thiokol LP-3, and
methallyl Thiokol LP-3.
Table 10
GPC Results for the Different Polysulfide Samples

a

Sample

dn/dca

Mn (g/mol)

Mw (g/mol)

PDI

ThiokolTM LP-56

0.1277

4,244

7,980

1.88

Allyl LP-56

0.1304

2,306

5,533

2.40

Methallyl LP-56

0.1296

2,577

6,325

2.45

ThiokolTM LP-3

0.1281

1,250

2,135

1.71

Allyl LP-3

0.1276

1,057

1,657

1.57

Methallyl LP-3

0.1257

1,112

2,156

1.94

Values determined by 100% mass recovery.

Real-Time FTIR Data
Thiol-ene photopolymerizations were performed on a system consisting of allylfunctionalized Thiokol LP-3 and pentaerythritol tetrakis(3-mercaptopropionate)
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(PETMP), formulated at a 1:1 mole ratio of alkene:thiol, and reaction conversion was
monitored using real-time FTIR (RT-FTIR). Figure 81 shows conversion vs. time for
three samples, each formulated with a different concentration of DMPA photoinitiator (1,
2.5, and 5 wt%). The samples were irradiated for 590 s, after a 10 s delay to attain a
stable baseline, using a 30 mW/cm2 UV light source (320-500 nm filtered). Two curves
are plotted for each sample; one represents the disappearance of the peak centered at
3,075 cm-1 corresponding to the allyl functional group, and the other, the disappearance
of the peak centered at 2,550 cm-1 corresponding to the thiol functional group. The data
obtained from the two monitoring protocols were in excellent agreement. In all cases,
reaction conversion rose rapidly upon irradiation and then slowed to approach an
asymptotic, final value of less than 100%. The final conversion was strongly dependent
of photoinitiator concentration; increasing from approximately 35% to 96% as the
concentration of DMPA was increased from 1 to 5 wt%. Based on these results, a DMPA
concentration of 5 wt% was adopted for all further photopolymerizations.

127

Figure 81. Real-time FTIR kinetic data of photopolymerizations of allyl-functionalized
LP-3 and PETMP.
(1:1 mole ratio of alkene:thiol) using three different DMPA concentrations (1, 3, and 5 wt%). Two curves are plotted for each DMPA
concentration; one represents the disappearance of the peak at 3,050-3,100 cm-1 corresponding to the allyl functional group, and the
other, the disappearance of the peak at 2,500-2,600 cm-1 corresponding to the thiol functional group.

Figure 82 shows the initial and final spectra from the RT-FTIR analysis for the 5
wt% DMPA sample of Figure 81, which is representative. Although the intensities of the
peaks of interest are low, they are easily and accurately quantified due to the absence of
interfering absorbances.
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Figure 82. FTIR spectra, pre- and post-photopolymerization, of a mixture of allylfunctionalized LP-3 and PETMP (1:1 mole ratio alkene:thiol) and 5wt% DMPA.
The alkene and thiol absorbances used to monitor conversion are identified with boxes.

The four different alkene-functional polysulfides developed in this work, i.e., allyl
LP-56, methallyl LP-56, allyl LP-3, and methallyl LP-3, were each photopolymerized
with PETMP, at a 1:1 mole ratio of alkene:thiol, using 5 wt% DMPA as photoinitiator.
Each system was warmed with agitation prior to photopolymerization to ensure full
dissolution of PETMP and DMPA in the polysulfide prepolymer. All four samples were
analyzed for polymerization conversion using RT-FTIR, as shown in Figure 83. The
allyl-functionalized thiokols displayed higher reactivity than the methallyl-functionalized
thiokols. This was evident with respect to a higher rate of cure and a higher final extent
of conversion; both allyl systems proceeded to greater than 96% conversion. This
behavior was expected, and is attributed to a reduction in the electrophilic strength of the
olefin due to the inductive effect of the methyl group. Less anticipated was the higher
reactivity of the LP-56-based systems compared to the LP-3-based systems. The lower
equivalent weight and lower viscosity of the LP-3 resin was expected to lead to higher
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rates. The lower ultimate conversions displayed by the LP-3-based systems, e.g. the
methallyl-functionalized LP-3 polysulfide only achieved about 80% conversion, can
however be reasonably attributed to the higher crosslink density expected for this system.

Figure 83. Real-time FTIR kinetic data of photopolymerization of Allyl LP-56, Allyl LP3, MAT LP-56, or MAT LP-3 with PETMP (1:1 mole ratio of alkene:thiol) with 5 wt%
DMPA.
Conversions were also analyzed of the photopolymerization of allyl LP-3 with
various blends of PETMP and Thiokol™ LP-3, to determine the effect the relative
polysulfide content of the formulation has on the speed of the reaction. All samples were
prepared with an overall 1:1 mole ratio of alkene:thiol and a DMPA concentration of 5
wt%. The equivalent fraction of PETMP in the PETMP:Thiokol™ LP-3 blend was
varied as 1.0, 0.75, 0.50, and 0.25. Each system was warmed with agitation prior to
photopolymerization to ensure full dissolution of PETMP and DMPA in the polysulfide
prepolymer. All four samples were analyzed for polymerization conversion using RT130

FTIR, as shown in Figure 84. From these plots, it is apparent that the kinetics of the
reaction and conversion are not affected by the differing PETMP:ThiokolTM LP-3 ratio.
This suggests that the ratios can be adjusted to change different properties of the end
material without affecting the curing kinetics.

Figure 84. Real-time FTIR kinetic data of photopolymerizations of allyl LP-3 with
various blends of PETMP:ThiokolTM LP-3.
All films were prepared with an overall 1:1 mole ratio of alkene:thiol and a DMPA concentration of 5 wt%. The equivalent fraction of
PETMP in the PETMP:Thiokol™ LP-3 blend was varied as 1:0, 0.75, 0.50, and 0.25.

Differential Scanning Calorimetry Analysis of Photocured (Meth)Allyl Polysulfides
Photocured films were prepared between glass slides, as discussed in the
experimental section. Each of the four different alkene-functional polysulfides was
formulated with PETMP at a 1:1 mole ratio of alkene:thiol, using 5 wt% of DMPA.
Small samples (2-5 mg) were cut from each film for DSC analysis. DSC scans of the asprepared films (second heating scan) are shown in Figure 85 over the temperature range 80 to 0°C. Although the scans were conducted to 100°C, they were completely
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featureless above 0°C. The Tg values determined from the midpoint of the Tg inflection
are shown in Table 11. The Tg’s for all samples fell within the range -51-54°C, and this
variation is probably within the error of the experiment. The insensitivity of network Tg
to the identity of the base resin was somewhat unexpected. The different network
topology and higher crosslink density expected for the branched, low molecular weight
LP-3 was predicted to result in higher Tg compared to the linear, higher molecular weight
LP-56. Lower reaction conversions of the LP-3 based systems, suggested by the RTFTIR data, is a possible explanation for this finding.

Figure 85. DSC scans of films prepared by the photopolymerization of allyl LP-56, allyl
LP-3, methallyl LP-56, or methallyl LP-3 with PETMP at a 1:1 mole ratio of alkene:thiol
using DMPA as photoinitiator at a concentration of 5 wt%.
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Table 11
Tg Values Determined by DSC for Photocured Films of Alkene-Functionalized
Polysulfide/PETMP with 5 wt% DMPA
Sample

Tg (°C)

Allyl LP-3/PETMP

-51.12

Allyl LP-56/PETMP

-52.17

Methallyl LP-3/PETMP

-53.29

Methallyl LP-56/PETMP

-53.79

Films were also prepared by photopolymerization of allyl LP-3 with various
blends of PETMP and Thiokol™ LP-3, to determine the effect on properties of the
relative polysulfide content of the formulation. All films were prepared with an overall
1:1 mole ratio of alkene:thiol and a DMPA concentration of 5 wt%. The equivalent
fraction of PETMP in the PETMP:Thiokol™ LP-3 blend was varied as 1.0, 0.75, 0.50,
0.25, and 0. A fraction of 0 (no PETMP in the formulation) did not yield a film for
analysis; a viscous liquid remained after UV irradiation, indicating that some finite
fraction of PETMP is necessary to yield a cured film. All other compositions yielded
elastomeric films. DSC scans of the prepared films are shown in Figure 86, and the Tg
values determined from the midpoint of the Tg inflection are shown in Table 12. The
data suggest that Tg may decrease slightly with increasing polysulfide content (decreasing
PETMP content) within the sample, although the observed effect is small and may be
within the error of the experiment. With 100% PETMP as the thiol component, the Tg
was -51.12; when the PETMP content was decreased to 25%, the Tg was 4°C lower.
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Figure 86. DSC scans of films prepared by photopolymerization of allyl LP-3 with
various blends of PETMP:ThiokolTM LP-3.
All films were prepared with an overall 1:1 mole ratio of alkene:thiol and a DMPA concentration of 5 wt%. The equivalent fraction of
PETMP in the PETMP:Thiokol™ LP-3 blend was varied as 1.0, 0.75, 0.50, and 0.25.

Table 12
Tg Values Determined by DSC for Photocured Films of Allyl LP-3/PETMP:ThiokolTM
LP-3 with 5 wt% DMPA
Equivalent fraction of PETMP in the
Tg (°C)
PETMP:ThiokolTM LP-3 blend
1.0

-51.12

0.75

-52.64

0.5

-53.27

0.25

-55.26

Conclusions
Commercial Thiokol™ Polysulfide Liquid Polymers, LP-56 and LP-3, have been
converted to allyl and methallyl-modified polysulfides through reaction with allyl and
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methallyl bromide, respectively. The resulting alkene-functional polysulfides allow
formulation of UV-curable (i.e., “on-demand” or triggered cure) polysulfide coatings,
adhesives, and sealants. 1H and 13C NMR verified the loss of the thiol peak and the
formation of new peaks that correlate with the newly added alkene functional group. In
addition to the appearance of new olefinic protons, another manifestation of the newly
formed functional group is the development of two clean triplets in the 2.60-2.80 ppm
region of the 1H NMR spectrum. These triplets have been identified as the ultimate and
penultimate methylene protons that are next to the sulfur that is bonded with the new
functional group. Prior to modification, the ultimate methylene protons appear as a
complex multiplet due to splitting induced by the thiol proton.
RT-FTIR showed that the thiol-ene polysulfide photopolymerizations proceeded
to  96% conversion for the allyl-functionalized resins and to  80% conversion for the
methallyl-functionalized resins, for systems containing at least 5 wt% of DMPA. RTFTIR data also showed excellent agreement between the loss of the thiol peak (2,550 cm1

) versus the alkene peak (3,075 cm-1), which verifies that the reaction occurring is the

thiol-ene reaction. All four of the alkene-functional polysulfides produced elastomeric
films when cured with PETMP, with Tg’s of approximately -53 °C. When the allylfunctionalized LP-3 polysulfide was photocured with PETMP/Thiokol™ blends, and
PETMP was replaced with increasingly greater fractions of Thiokol™ LP-3, a minor
decrease in Tg was observed. Allyl LP-3 cured with only PETMP displayed a Tg of 51.1°C, but when a ratio of PETMP:Thiokol™ LP-3 of 1:3 was used, the Tg dropped over
4°C to -55.3°C.
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CHAPTER VI– MATRIX ASSISTED LASER DESORPTION/IONIZATION TIME OF
FLIGHT MASS SPECTROMETRY (MALDI-TOF-MS) OF SYNTHETIC POLYMERS
Introduction
Mass spectrometry of untreated (or neat) polymers first became possible in 1969
with the introduction of field desorption techniques. Before that point, polymers required
thermal or chemical molecular weight reduction to be detected by mass spectroscopy.
Even using field desorption, molecular weights were still limited to 10,000 g/mol. Field
desorption remained the technique of choice to detect polymers below 10,000 g/mol until
the development of soft ionization techniques.103 Soft ionization is defined by the
International Union of Pure and Applied Chemistry (IUPAC) as the “formation of gasphase ions without extensive fragmentation.”104 Soft ionization allows the entire polymer
sample to be analyzed at higher molecular weights without degradation or fragmentation.
The main soft ionization techniques are electrospray ionization (ESI)105 and matrixassisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF-MS).
MALDI-TOF-MS first appeared in a report on low molecular weight organic compounds
by Karas and Hillenkamp106 in 1985. High molecular weight polymer analysis was later
reported by Tanaka et al.,107 who performed analysis of proteins and polymers of up to
100,000 m/z via MALDI-TOF-MS.107 This chapter will focus on the use of MALDITOF-MS to characterize structure, especially end-group composition, of a variety of low
molecular weight, functional polymers.
Several issues must be addressed when utilizing MALDI-TOF-MS for polymer
analysis. First, synthetic polymers always display a distribution of molecular weights;
whereas mass spectrometry has traditionally been applied to substances possessing a
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single molecular weight, i.e. protein or small molecule.108 During the process of
polymerization, different initiation, chain transfer, and termination events may occur,
resulting in different end group functionalities. This creates another distribution known
as a functionality type distribution.108 These distributions can be even more convoluted
when copolymers are considered, since the chemical composition, block length, and
architecture of the polymer can vary from polymer chain to polymer chain.108
Even with these issues, MALDI-TOF MS produces only single-charged molecular
ions and little to no fragmentation. This allows the simplifying assumption that each
mass over charge (m/z) value corresponds to one specie associated with one ion. With
the inclusion of the TOF detector, detection of molecular weights above 1,000,000 g/mol
has been demonstrated by Schriemer and Li.109 Resolution for low molecular weight
samples is also very high (10,000-20,000 full width at half maximum (FWHM)) with
modern method development.110
MALDI-TOF-MS involves the use of a laser to irradiate a sample, typically
polymeric, that has been diluted within a relatively large amount of a small-molecule
matrix compound.111 The matrix molecules are excited by the laser beam, and this results
in rapid evaporation of the matrix.111 During the evaporation of the matrix molecules, the
sample molecules evaporate and become ionized by protonation, or ionization.111 With
an ultraviolet laser (337 nm wavelength), matrix materials of choice are organic
compounds containing aromatic rings and/or conjugated double bonds that can
effectively absorb at that wavelength.111 Typically, the molar ratio between matrix and
sample ranges from 100:1 to 1000:1 to ensure effective ionization of the sample
molecule.111 This is believed to occur when each sample molecule exists as an isolated
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coil completely surrounded by matrix molecules, hence the large excess of matrix
present.111 After the sample ions have formed and volatilized, they directly enter the
field-free drift range where they are accelerated by a high voltage and separate according
to their mass to charge (m/z) ratios.111 Since ion acceleration is inversely proportional to
mass, and the acceleration voltage is the same for all ions, lighter ions accelerate faster.
Because the kinetic energy (KE) is the same for all ions (KE = 0.5mv2), a smaller mass
means a larger velocity. Thus the ions are separated by mass according to the elapsed
time from laser pulse to detector with lighter ions reaching the detector first. A general
schematic for a MALDI-TOF spectrometer is shown in Figure 87; the mass analyzer is
equipped with both a linear and a reflector detector as will be discussed below. Figure 88
shows how the sample vaporizes within the MALDI-TOF spectrometer.
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Figure 87. General schematic of a MALDI-TOF spectrometer.112

Figure 88. General schematic of how the sample vaporizes via laser excitation, forms a
positively charged cloud, and enters an electrostatic field before entering the TOF
analyzer.113
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For higher molecular weight samples (>10,000 g/mol), the linear TOF analyzer is
used. The linear analyzer uses a strictly straight flight path since higher molecular weight
samples require less separation due to their slower movement through the TOF analyzer.
For lower molecular weight samples (<10,000 g/mol), ions velocities are too similar at
the linear detector, resulting in poor resolution. Improved separation is achieved through
the use of the reflector mode. The reflector mode applies a second, oppositely charged
electromagnetic field to the ions after they have exited the field-free drift range near the
end of the linear TOF detector. This oppositely charged field causes the ions to “reflect”
away from the linear detector and increases the effective flight distance. A second
detector is placed in the path of the “reflected” ions. The reflector analyzer allows the
lower molecular weight ions to be separated more efficiently. A comparison of the two
detectors is shown in Figure 89.

Figure 89. Reflector and linear TOF analyzer used in MALDI-TOF-MS.114
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One issue with MALDI-TOF in general occurs when samples are initially
volatilized from the sample well. The process of volatilization causes a distribution in
initial kinetic energies. When this occurs, ions will have a variety of velocities even
though they have the same molecular weight. To address this issue, a technique called
delayed extraction is used. After firing the laser, which excites the sample and causes
vaporization with various initial velocities, delayed extraction is performed by allowing
the ions to drift for approximately 20-2000 ns prior to activation of the accelerating
voltage at the initial gate. This delay allows the faster ions to be farther away from the
acceleration gate when it is turned on, which results in the faster ions gaining less energy
than the slower ions. This allows the slow ions to catch up to the fast ions before the
samples hit the detector. A visual representation is shown in Figure 90.
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Figure 90. Schematic (showing red ions of the same molecular weight) of delayed
extraction technique used in mass spectrometry.
The laser is fired at t=0 creating multiple ions with different velocities (Step 1). Activation of the accelerating voltage is delayed,
allowing the ions to spread out. Upon activation, the ions further away from the +V acceleration gate gain less energy than the ions
closer to the gate (Step 2). This allows a slow ion to reach the detector at the same time as an initially fast ion (Step 3). 115

Except for the case of a perfectly monodisperse polymer analyte, such as a
protein, MALDI-TOF-MS, although an exact mass analytical technique, is best used in
combination with gel permeation chromatography (GPC) to obtain an accurate
determination of both average molecular weight and structure, especially end groups.
This is due to the nature of the TOF detector. Signal intensity is inversely proportional to
the m/z ratio (higher signal intensity for lower molecular weight), which means lower
molecular weights are easier to detect than the higher molecular weights, and results in
molecular weights determined by MALDI-TOF to be lower than that of GPC.116,117,118
Thus, MALDI-TOF-MS is best suited for determining the molecular weight of the repeat
unit and end groups of a polymer. By plotting m/z vs. an assumed degree of
polymerization, the repeat unit molecular weight can be determined by the separation of
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the main distributions within the MALDI-TOF MS spectrum (slope), and the end group
molecular weight can be determined by extrapolating to zero monomer repeat units (yintercept) and subtracting the mass of the cationizing agent. This type of analysis has
been shown for, but is not limited to, poly(dimethylsiloxane)s,119 polystyrene,116 and
polymethylmethacrylate.120
Sample Preparation
Sample preparation is especially critical for accurate analysis via MALDI-TOFMS. Initially, the proper solvent must be determined for the polymer that will be
analyzed. Then, in order for a polymer to be analyzed, several other requirements must
be met: proper co-crystallization of the matrix and the polymer must occur on the
MALDI plate; the matrix must be suitable for the polymer being analyzed; the
matrix/polymer ratio must be sufficiently large to allow for single polymer chains to be
volatilized, and the cationizing agent must properly ionize the polymer.
Matrix Selection. Matrix selection is the first consideration when preparing
MALDI-TOF-MS samples. The most important requirement of a matrix is that it has
functional groups or double bonds that can absorb the 365 nm UV laser light that is
typically used to induce sample volatilization. Matrix and polymer analyte should also be
soluble in a common, volatile solvent. This prevents problems associated with
precipitation from solution of either component during mixing, or disruption of crystal
formation. Possible matrices are divided into two categories: those that are suitable for
polar polymers and those that work for nonpolar polymers. A good starting point for
polar polymers, such as polyethyleneoxide, is 2,5-dihydroxybenzoic acid (2,5-DHB);
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while a common matrix choice for nonpolar polymers, like polystyrene, is 1,8-dihydroxy9,10-dihydroanthracen-9-one (Dithranol).
Cationizing Agent Selection. Cationizing agents serve as a source of positive
ions, which associate with polymer molecules and thereby cause them to become
positively charged. Cationizing agents with trifluoroacetate (TFA) as the counter ion are
very useful since they are soluble in THF and DCM, similarly to many polymers.
Cationizing agents are separated into two main groups: those possessing alkali metal
cations and those possessing transition metal cations. The alkali metals, typically
NaTFA, are best when the polymer has functional groups, especially those containing
oxygen, which easily bonds with alkali metals. The transition metals, typically AgTFA,
are best for polymers with double bonds or aromatic rings which contain pi electrons that
can coordinate with the transition metal.
Sample Preparation Techniques
Three different techniques are commonly used to prepare samples for MALDITOF: dried droplet, thin layer, and solvent-free. The first two methods begin with the
preparation of three separate solutions, one each for the matrix (20-40 mg/mL, usually 20
mg/mL), polymer (~10 mg/mL), and cationizing agent (10 mg/mL). The third technique
requires no solution preparation and is usually used for polymers that are soluble in very
few solvents.
Dried Droplet. This procedure consists of making solutions of matrix, polymer,
and cationizing agent, in the concentrations given above. These solutions are mixed
together at the desired ratio (usually 10:10:1 v/v of matrix:polymer:cationizing agent),
and then 0.5 µL of the combined solution is spotted onto the plate and allowed to air dry.
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Thin Layer. Unlike the dried droplet method, this procedure does not involve premixing of all three solutions, matrix, polymer, and cationizing agent, before spotting.
The order for spotting in the layer-by-layer approach usually consists of the matrix
solution first followed by the polymer solution, to allow for the matrix to crystallize
before addition of the polymer, and finally the cationizing agent solution to enhance
cationization. However, in some cases, polymer and cationizing agent solutions are premixed. For example, a common method involves addition of 0.5 µL of each solution in
sequence, allowing each spot to thoroughly dry before addition of the next drop. The
order for spotting when the polymer and cationizing agent are pre-mixed usually consists
of the matrix solution first, and then the polymer/cationizing solution, to allow for the
matrix to crystallize before addition of the polymer. An alternate to this procedure is the
sandwich method, which consists of a spot of matrix solution, then a spot of
polymer/cationizing solution, and finally, another spot of matrix solution. The sandwich
technique helps in saturating the sample well in matrix, allowing the sample to be fully
encompassed by matrix and enabling better volatilization of the polymer.
Solvent-free. This procedure involves mixing the solid samples together in
desired amounts (~5 mg for matrix and ~1 mg for polymer), usually by grinding in a
mortar and pestle, and then adding them to the MALDI plate by "smearing" the
crystalline mixture onto the plate. This procedure is typically used for difficultly
dissolved polymers or for polymers whose known solvents are nonvolatile, e.g.
polyamides.
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Experimental
Materials
Hexane (anhydrous, 95%), dithranol (≥97%), silver trifluoroacetate (AgTFA)
(98%), sodium trifluoroacetate (NaTFA) (98%), THF (HPLC-grade, 99.9%),
bromotris(triphenylphosphine)copper(I) (BTTPP) (98%), and 1-hexyne (97%) were
purchased from Sigma-Aldrich Co. and used as received. Anhydrous magnesium sulfate
(MgSO4) was purchased from Fisher Scientific and used as received. Polyisobutylene
(PIB) terminated with 4-phenoxy-1-butyl methacrylate (PBMA), 6-phenoxy-1-hexyl
acrylate (PHA), or 8-phenoxy-1-octyl acrylate (POA) were synthesized according to a
procedure developed by Roche et al.121 PIB terminated with 3-phenoxy-1-propyl azide
(PIB-PPAz) was synthesized according to a procedure developed by Kucera.122
Instrumentation
Matrix-assisted laser desorption/ionization (MALDI) time-of-flight (TOF) mass
spectra were obtained using a Bruker Microflex LRF MALDI-TOF mass spectrometer
equipped with a nitrogen laser (337 nm) possessing a 60 Hz repetition rate and a 50 μJ
energy output. All spectra were obtained in the positive ion mode utilizing the Reflector
mode micro-channel plate detector, and were generated as the sum of 900-1000 shots.123
MALDI-TOF was calibrated using polystyrene standards with Mn values of 2,500, 4,000,
and 10,000 g/mol. Sigma-Aldrich provided the residual molecular weight of the
polystyrene standard as 58.08 g/mol, which is produced from a tert-butyl initiator
fragment and a proton end group.
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Sample Preparation
Acrylate (PBMA, PHA, and POA)-terminated PIB. Solutions in THF were
prepared with acrylate-terminated PIB (10 mg/mL), dithranol (20 mg/mL), and NaTFA
(10 mg/mL).123 These solutions were then mixed in a volume ratio of
matrix/sample/cationizing agent of 4/1/0.2, and 0.5 µL aliquots were applied to a MALDI
plate for analysis.123
Copper(I)-catalyzed azide/alkyne cycloaddition between PIB-PPAz and 1-hexyne.
A 100 mL round bottom flask was charged with PIB-PPAz (0.223 g, 0.111 mmol), 1hexyne (0.100 g, 1.210 mmol), BTTPP (0.056 g, 0.061 mmol), and hexane (50 mL). The
reaction contents were stirred at reflux for 2 h at 70°C. The solution became cloudy then
white after 10 min. After 2 h the reaction contents were allowed to reach room
temperature and were then washed 3 times with DI water. The solution was dried over
MgSO4 and then filtered, and the solvent was removed by rotary evaporation. The
reaction scheme is shown in Figure 91. Solutions of PIB (10 mg/mL), dithranol (20
mg/mL), AgTFA (10 mg/mL), and NaTFA (10 mg/mL) were prepared in THF. Samples
were prepared with matrix/analyte/cationizing agent at volume ratios of 10:10:1 for both
NaTFA and AgTFA.
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Figure 91. Reaction scheme for the CuAAC reaction of PPAz-terminated PIB with 1hexyne using BTTPP as the catalyst.
Results and Discussion
6-Phenoxy-1-hexyl acrylate-terminated PIB.
The structure of PHA-PIB is provided in Figure 92. A MALDI-TOF spectrum of
PHA-terminated PIB is shown in Figure 93.123 From the regression analysis of the plot of
m/z vs. degree of polymerization, a linear relationship with a regression slope of 56.04
and intercept of 734.16 Da was obtained (Figure 94).123 For PHA-terminated PIB, the
initiator was 5-tert-butyl-1,3-di(1-chloro-1-methylethyl)benzene (bDCC) (Figure 95);
removing the two chlorine molecules from the initiator gives a residual molecular weight
of 216.18 Da.123 The reaction was quenched, resulting in a phenoxy hexyl acrylate end
group and a residual weight of 275.16 Da.123 Since the initiator is difunctional, there will
be two end groups for each chain, resulting in a total residual weight of 710.43 Da
(Initiator+2*EG).123 For this sample, the ion specie containing the sodium ion was the
only ion to reach the detector.123 Since this occurred; the residual weight must include
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the sodium ion, giving a corrected value of 733.42 Da.123 The experimental value for the
residual weight is 734.16 Da, which is only a 0.10% difference from the theoretical
residual weight.123

Figure 92. Structure of PHA-terminated PIB.

Figure 93. MALDI-TOF mass spectrum of difunctional PIB terminated with PHA using
NaTFA as the cationizing agent.121
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Figure 94. Linear regression of MALDI-TOF spectrum of PHA-terminated PIB.
R2 value of a linear trend line obtained from the data points is 0.9999998.

Figure 95. Structure of the initiator 5-butyl-1,3-di(1-chloro-1-methylethyl)benzene
(bDCC).
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8-Phenoxy-1-hexyl acrylate-terminated PIB.
The structure of POA-PIB is provided in Figure 96. A MALDI-TOF spectrum of
POA-terminated PIB is shown in Figure 97. From the regression analysis of the plot of
m/z vs. degree of polymerization, a linear relationship with a regression slope of 56.09
and intercept of 788.82 Da was obtained (Figure 98). POA-terminated PIB was
synthesized in the same manner as the above PHA-terminated PIB and it contains a
residual weight of 766.49 Da (Initiator+2*EG). As with the PHA-PIB sample, the ion
specie containing the sodium ion was the only ion to reach the detector. Since this
occurred, the residual weight must include the sodium ion, and the corrected value is
789.48 Da. The experimental value for the residual weight is 788.82 Da, which is only a
0.08% difference from the theoretical residual weight.

Figure 96. Structure of POA-terminated PIB.
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Figure 97. MALDI-TOF mass spectrum of difunctional PIB terminated with POA using
NaTFA as the cationizing agent.

Figure 98. Linear regression of MALDI-TOF spectrum of POA-terminated PIB.
R2 value of a linear trend line obtained from the data points is 0.9999987.

4-Phenoxy-1-butyl methacrylate-terminated PIB.
The structure of PBMA-PIB is provided in Figure 99. A MALDI-TOF spectrum
of PBMA-terminated PIB is shown in Figure 100. From the regression analysis of the
plot of m/z vs. degree of polymerization, a linear relationship with a regression slope of
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56.068 and intercept of 705.34 Da was obtained (Figure 101). PBMA-terminated PIB
was synthesized using the same procedure given above for PHA-terminated PIB, and
contains a residual weight of 682.41 Da (Initiator+2*EG). As with the PHA-PIB sample,
the ion specie containing the sodium ion was the only ion to reach the detector. Since
this occurred, the residual weight must include the sodium ion, and the corrected value is
705.4 Da. The experimental value for the residual weight is 705.34 Da, which is only a
0.009% difference from the theoretical residual weight.

Figure 99. Structure of PBMA-terminated PIB.

Figure 100. MALDI-TOF mass spectrum of difunctional PIB terminated with PBMA
using NaTFA as the cationizing agent.

153

Figure 101. Linear regression of MALDI-TOF spectrum of PBMA-terminated PIB.
R2 value of a linear trend line obtained from the data points is 0.9999995.

3-Phenoxy-1-propyl azide-terminated PIB reacted with 1-hexyne.
The structure of PPAz-terminated PIB reacted with 1-hexyne is provided in
Figure 102. A MALDI-TOF spectrum for PPAz-terminated PIB reacted with 1-hexyne
was obtained using the reflector mode, and is shown in Figure 103. The linear regression
analysis can be seen in Figure 104, and shows a slope of 56.524 and an intercept of
733.27 Da. The theoretical molecular weight for a difunctional azide PIB capped with 1hexyne is 733.046 Da. The experimental molecular weight is 733.27 Da, resulting in a
difference of 0.224 Da. Unlike the above PHA-PIB sample, the ion specie containing the
proton ion was the only ion to reach the detector regardless of which cationizing agent
was used. Since this occurred, the residual weight must include the hydrogen ion, and the
corrected value is 733.54 Da. The experimental value for the residual weight is 733.27
Da, which is only a 0.04% difference from the theoretical residual weight.
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Figure 102. Structure of PPAz-terminated PIB reacted with 1-hexyne.

Figure 103. MALDI-TOF of the triazole containing PIB using AgTFA as the cationizing
agent.
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Figure 104. Linear regression of MALDI-TOF spectrum of PPAz-terminated PIB reacted
with 1-hexyne.
R2 value of a linear trend line obtained from the data points is 0.9999996.

Conclusions
MALDI-TOF has been shown to accurately characterize three separate acrylateterminated PIB samples and an end capped azide-terminated PIB sample. For the three
acrylate-terminated PIB samples, linear regression of a plot of m/z vs. assumed degree of
polymerization yielded a residual molecular weight that differed from the theoretical
value by only 0.009 to 0.01%.
Azide-terminated PIB was reacted with 1-hexyne to determine both the reactivity
of the azide-terminated PIB towards the azide alkyne cycloaddition and whether or not
the product could be accurately characterized by MALDI-TOF. The reaction was shown
to occur quantitatively, and the residual molecular weight for the capped azide-terminated
PIB was accurately determined by MALDI-TOF-MS. The experimental value differed
by only 0.04% from the theoretical residual weight. In the dissertation by Hartlage,124
many more PIB samples have been shown to be accurately analyzed by MALDI-TOF to
obtain the end group residual weight present expected in the sample.
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CHAPTER VII– FUTURE WORK
Introduction
The following sections have been broken into the chapter for which they
correspond with.
Chapter II-Aromatic Propargyl Diamines
The above results suggest that future work should revolve around determining the
proper cure profile for each individual crosslinker. Once this task is accomplished, the
azido/alkyne system can be compared more evenly with the epoxy/amine system due to
the development of a more fully cured material.
Another item of interest would be determining how the imperfections form in the
DAHP-BPA/TP44DDS system during exposure to heats above 160°C. A hot stage
microscope could be used to watch the formation of these imperfections and may elude
some knowledge on what is happening. Although, eliminating these imperfections from
occurring would be the end goal, and that will need to be accomplished by the cure
profile.
Crosslinkers could also be added in mixtures of different ratios, i.e. 50% TPDPE
and 50% TP44DDS. This could result in a similar finding that Gorman et al.1 published.
Gorman et al. found that using a liquid crosslinker helped solubilize the solid crosslinker
within the resin, and the inclusion of the solid crosslinker increased the cured materials
Tg. Using this strategy, one could tune the azido/alkyne system to have adequate
workability and higher end use properties than those obtained from the liquid crosslinker
alone.
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Preparation of an azido resin with more aromatic nature may also be investigated,
but care must be taken to avoid having the C/N ratio dip below 3 (if this occurs the
material could be explosive). Another suggestion for this material is to start with a
material that is a liquid resin. A diazido compound prepared from a solid compound will
most likely result in a solid compound which is very hard to work with when preparing
composite materials.
Chapter III-Photo-Activated Copper(I) Azide Alkyne Cycloaddition
This chapter has shown that the azide resin, DAHP-BPA, can be cured via light
using copper(II) and an alkyne crosslinker. To expand on it, the Tg of the cured material
must be elevated. If samples can be cured to reach higher Tg, then mechanical data for
the material can be attained and compared to the thermally cured samples shown in
Chapter II.
Strategies to try and raise the Tg of the photo-cured samples include: higher Cu(II)
amounts, greater light intensity, and higher reaction mass. These methods are meant to
allow more reaction events to occur to raise the temperature of the reaction mass in order
to delay vitrification. Additional work with Cu(I) could also elevate the Tg, but care must
be taken when increasing any of these conditions to avoid an uncontrolled reaction run
off. This has been known to occur when Cu(I) has been added above 2.5 mol% relative
to azide. This run-off occurs during mechanical mixing where enough thermal energy
must be produced to initialize the reaction; which could be prevented when the system is
mixed in an ice bath. Another issue to consider when increasing any of these conditions
is producing too much heat and degrading the system. If the reaction proceeds too
rapidly, too many reaction events occur at one time, and create a cascading effect that
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continues to produce more reactions; which produces more heat leading to the material to
produce smoke and chars.
Chapter IV-1H and 13C NMR Analysis of Disubstituted 1,2,3-Triazoles and
Regioselectivity Afforded by Copper(I) and Ruthenium(II) Catalyst
Further characterization of the ruthenium(II) cured system needs to be performed
to determine if there is any way to cure the system without solvent. By curing the
azido/alkyne system with ruthenium(II) in the bulk, the thermal, copper(I), and
ruthenium(II) cured system can be compared for differences in mechanical properties.
Chapter V-Synthesis and Thiol-ene Photopolymerization of (Meth)allyl-Terminated
Polysulfides
Further analysis of the newly functionalized liquid polysulfides should be
investigated. Adhesion tests should be of utmost importance in determining the viability
of the newly formed polysulfide as a sealant. This will determine if there is any
advantage or disadvantage for using the functionalized liquid polysulfide versus the
commercially available product, ThiokolTM LP-56 or ThiokolTM LP-3. It would also be
of interest to see how the created films, from the newly made material, handle different
solvents. The main key to polysulfide sealants is their great solvent resistance, if this is
lost by changing the curing chemistry then that jeopardizes the polysulfides end use.
Chapter VI-Matrix Assisted Laser Desorption Time of Flight Mass Spectrometry
(MALDI-TOF-MS) of Synthetic Polymers
Further development of the MALDI-TOF-MS for analysis of different terminated
PIB samples will continue to be important. PIB samples of 1,000-10,000 Da have been
analyzed well using MALDI-TOF-MS when the polymers are difunctional and contain
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bDCC as the initiator. Monofunctional PIB samples are more difficult to analyze with
MALDI-TOF-MS, but they can usually be analyzed (granted lower intensity than the
difunctional samples) when the PIB is quenched with a phenoxy containing quencher.
The issues arise when the PIB is monofunctional and no aromatic group is present to help
cationization. The best procedure that has been used is when the polymer:matrix ratio is
approximately 1:10. However, data obtained from this method have very low signal to
noise (S/N). Concentrating on varying the polymer:matrix ratio and investigating some
MALDI-TOF-MS parameters could lead to higher intensities of the analyzed polymer.
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